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PREFACE 


This Fourth Edition is biisod upon the same objectivos and follows the same gcneial 
outline as the previous editions Many sections and some eliapteis have l)een largely ro- 
wiitten Some of the chapteis have been comlimed and in otlicis topics have been le- 
gioupcd Thus, the former chapter dealing with the laws of chemical change has been 
combined with the one on Dalton’s Atomic Theoiy A gieatei amount of material on the 
structiue of matter has been placed in an eaily chapter The mateiial of the later chapteis 
on this subject has been icairangcd, icwiitten, and .su])plemente(l with new matenal on 
nuclear ebemistrv, atomie eiieigv, and lelated topics 

Among othei ehanges that may ho noti'd are t.he following a new ehapli'r cm oxidation 
and leduetion, a change m the form of the piniodic table on the inside hack cover, the 
numbeiing of the sections in each chapter, the additions of material on silicones, tiacci 
elements, transurauinm elements, and othei topi<-s of leeeiit interest., new' illustiations, the 
omission of doseiiptions of the Lc Blanc and Arc processes, and ehangi's m tlu' sciiuenee of 
some of the earlier topics It is hoped that the double-column format may be convcmcnl 
and helpful because of the shoilei lines and the greatei amount of mat.erial that is piesenti'd 
on a single page 

This and flic picwious editions were piejiaied foi use by students m the elomeiitaiv 
chemistiy course of colleges and umvcisit.ies The autlioi has eonsidmed Ins readers as 
students who are studying chemistry for tiio first time. However, the nature of the ma- 
teiial picsciitcd is suflieieiitly dilforcnl from that of high-school texts and is sufficiently 
complete to seive as a textbook loi sludenfs who have had an intioduetion to llie subject 
before entering college 

Tliiee majoi objccfives of lire elemimtary ebonusl.iy couise have determmc'd the nature 
of the sulijoet inat.tci and lh(> oidm of inesentation (1) Idic authoi believes that the 
student should obtain, fust of all, appicciation and undci standing of how the science that 
he IS 1,0 study has giown mfo what it, is today This means that he must be leil to sei' how' 
facts have been eolleeted and how they have hi'cn inteijneted iii deiiving basic pimciples 
and in foirnulating theories Step by step, the student must follow the scientific leasomiig 
of the eigbfeenth and nineteenth ccti tunes unf.il the kmet.ie theory, the at.omic and molecu- 
lai hypotlicses, and the nature of chemical change become natural and logical eonehisions 
of his own (2) As soon as possible, the student should be made awaic of the vast .store of 
information concerning the stiuetuie of matter and the natinc of the physical world that 
has been made available to students of science by twentieth-centiiry inve,stigation.s of the 
atom and the molecule This matenal should be used, wherever possible, in the inteipreta- 
tion of chemical behavior and chemical changes (3) After the establishment of the basic 

vil 
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frame work of the science and the development, on his part, of an ability to reason m teims 
of chemical principles, the student should he encouraged to use this knowledge lo reason in- 
telligently about the natuie of the woild in which he lives, about himself, and about the 
many products that nature and industry pi ovide for his needs and comfort. 

The opening cliapteis tell the stoiy of the c.slabhshinont of the fundamental laws and 
theones This is done with as little inteiruption as possible The ehapteis on oxygen and 
hydrogen are allowed to break the thicad of the stray, because some knowledg(> of llu'si' 
elements and then compounds is essential oaily m the eoiuse to expedite' tlu' work of both 
the classroom and the laboratory The author believes, howevei, that too oK.en in craii.se,s 
in general chemistiy the student is expected to giasp the meaning of ehemieal changes in- 
volving substances with which he is unacquainl,ed and of which he has no basis of nndei- 
standing cithei the composition or chemical natuic It is difficult to avoid this piaciice, in 
every instance, as for example in having the student piepaic oxygen fiom sodium peroxide 
or from potassium chloiate To the end, however, that the student will not feel that chem- 
istry IS a study of isolated substances, and to the end that he may appreciate the oigamza- 
tion of the subject matter of the science as soon as possilile, the authoi has intioduced 
early in the book chaptois m which substances are classified and the classes desciilied iii 
a general way 


Instead of displacing the subject matter of what wo may call classical chemistiy, new 
infoimation and new thcoiies aic discussed alongside the old The aim has bi'cn to make 
the book thoroughly modern m treatment but not to discard anything ol value on the sup- 
position that if it belonged to the past it cannot also belong to tlie piesimt and the fntiiie 
Wheiever theie is a conflict of opinions, as for example in the pieseiitatioii of the concept 
of an atom in terms of Dalton’s theory and m teims of our jiK'sent knowh'dge of atomic 
stiuctuie, or in discussing elcctiolytic dissociation, both the old and the new ponds ol vu'w 
aie piesented If this piactice servos no other pm pose, it will help the studc'iit to sec' that 
chemistiy is a changing, developing science and, peihaps, will cause him to U'alize t.he 
possibilities that he ahead of us as we extend and levise ran pre.sent knowledge of tlie sulijeet 


The author has carefully attempted to give the student at all times siillicient leasoiis for 
accepting the principles and theones piesented The leadei is not asked to accept state- 
ments upon faith The author hopes that the student will ask, “AVhy should I belic'i e Ihis 
statement to be tiue'i”’ and that the book may piovidc him with the answer To bi' able 
to remcmbei for a little while the statement of an impoitant pimeiple is one thing, to iindei- 
stand the foundation of facts upon which it is based is anotliei and a much nioic' im|)oi'lant 
thing All this iGciiiiics space, and the book might have Ijcen eoiisidi'iably slioilened bv 
disiegauling this motive 


Wheicvei definite statements of what one should behove cannot bi- made upon llu' basi.s 
of oui present undei standing, the student is made awaie of tlu' situaliou It may be soiiie- 
what confusing not to be able to find in his text an exact statement of what niattei is oi a 
picture of exactly what an atom looks like, but this confusion is ceitainly no moie disastious 
than being led to believe something that has no factual foundation 

It is not intended that all this book should be covered in any one eoiuse The subject 
matter of geneial chemistry is so extensive that each instructoi must select those portions 
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IX 


he wishes to present, and hence, the text must provide the material foi a vaiiety of selections 
The author has attempted to aid in this selection by having ceitam sections of each chapter 
set in smaller type Entire chapters may be omitted in some cases The book has been 
planned for use in the usual type of couise, consisting of lectin es, laboiatory, and recitations 
Certain sections of the book, such as the chapteis dealing with chemical equililirium and 
electrochemical cells, will lequire more recitational houis than others The author hopes 
that the ordei of presentation will be found sufficiently flexible to allow the instructor to 
follow whatevci organizafiion of the couise he thinks best To aid in making changes in 
the Older in which the diffeient subjects are studied, the author has sometimes repeated 
material which the instructor may wish to omit when it is (inst pioscntccl, but which may 
be necessary for an undersl.anding of sections studied at a latoi time The leview evoicises 
present definite tests that the student can use to deteiimnc his own piogiess The lists of 
reading icfci cnees aic not to lie considered as complete They contain titles that may bo 
used as additional assignments oi liy individual students m extending their reading beyond 
the lathci naiiow boundaiieh ol one book 

The author wishes to express his giatitudc to the many companies that have piovided 
photographs foi icpiocluction and to the mstiuctois and students who have used the book 
in its pioviouH editions Ho hopes that the changes made m this edition will impiovo the 
book’s usefulness 


Hkrman T Bkibcoe 




INTRODUCTION FOR THE STUDENT 
BEGINNING THE STUDY OF CHEMISTRY 


TUB FIRST PAGES of this boolc Will introduce 
you to the chemist and his work In order 
that you may understand the general natuic 
of the subject that you are to study we shall 
try to answer certain questions With what 
kind of information is the chemist concerned'^ 
How does he woik? Of what impoitance m 
the lives and affairs of men is the woik that 
he does? Of what value to you is this study? 
These, we believe, are some of the questions 
that you would like for us to answer befoie 
you begin the study of chemistry 

SCIENCE 

Chemistry is one of the fields of science, 
and, as compared to some of the other fields, 
it IS a faiily loccnt development The foun- 
dations of modem chemistry were laid in the 
late eighteenth and early nineteenth cen- 
tuiies A gicat deal of scientific knowledge 
had been acquiicd, however, long bcfoie 
that time 

Science began with man's first attempts to 
observe and understand the world m which 
he lives Very eaily in his histoiy, man 
came to know a few simple, but unexplained 
and uni elated, facts There were stais m 
the sky, but he did not know what they weie, 
and if he tried to explain them at all, ho 
probably thought of them as tiny fires lighted 
in each twilight and extinguished in each 
dawn by an unseen hand Lightning flaslies 
wore bolts of fire thrown by evil siniits or 
by angry gods, and thunder was the voice of 
their displeasuie He knew that he must 
eat, but he did not know how food was used 
m his body The clubs and stones he used 
to kill animals for food and as weapons in 
his struggle for existence were used, at first, 
as he found them; later he shaped and fash- 
ioned them better to serve his purpose. 


It is not likely that he was much concerned 
with the extent and form of the giound he 
walked on, and the world must have ap- 
peared very small to him. He was com- 
pletely occupied with the cares and problems 
which confronted him in the small place he 
lived in In this respect, pnmitive man was 
like a lowly creature that ciawls or creeps 
within a small circle, becomes acquainted 
with its fellow creaLuros as friends or foes, 
learns where to find its food, shelteis itself 
by whatever means nature provides, and 
finally succumbs to the foices against which 
it IS continually waning 
But man was destined to widen the circle 
in which he moved and to rise above the level 
of his fellow creatines Thoie developed m 
him certain distinginshmg characteiistics, 
best described, perhaps, by the word 
inlelltgmce He learned to leason about his 
surroundings, to find ways of circumventing 
the difiieulLies he encountered, and, in short, 
to combat more .succe.ssrully the natural 
forces against which he and his fellow crea- 
tines were forced to struggle 
After Ills emergence from the most primi- 
tive state, man must also have had, lU addi- 
tion to intelligence, the longing to explore 
beyond familiar horizons and to learn more 
about himself and everything that influences 
his life Veiy early in his lustoiy, he must 
have boon puzzled by the stars What are 
they? Whore arc they? Ho must have 
longed to exploie the world in which he 
found himself liow big is it? Where does 
it end? He must also have wondered, at 
times, about himself, birth, life, and death 
In short, he became a curious, observing, 
experimenting creature, eager to understand. 
The development of a written language made 
possible the transmission of knowledge from 
one generation to the next. His intelligence 
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and spirit of inquiry -were tried and tested 
in numerous conflicts with natural forces, 
and, although not always successful, he must 
have emerged from each conflict better able 
to engage in the next and with a better 
underatanding of natuie and how it operates 
Veiy slowly, he acquired bits of information 
and, putting these together, arnvecl at fairly 
satisfactory answers to some of Ins ques- 
tions Thus, science began. 

From such meager beginnings, science has 
become a vast accumulation of facts and 
principles, the results of the caiefiil observa- 
tion, expeiimentation, and intci pi station of 
many generations of men It has gi own from 
the few unexplained and unrelated facts 
known to primitive man to such pi oportions 
that no one person can, within a lifetime, 
grasp it all or any considerable portion of it 
.4 s this knowledge has accumulated, it has been 
classified, and each fact has been pul in its 
propel place along with oihei facts i elated to 
it. Tins oiganizaiion of knowledge is science 
It IS by no means a completed organization 
today As long as there are questions re- 
maining unanswered, the search for addi- 
tional knowledge will continue 

Kinds of Science 

The different classifications of knowledge 
are the different kinds of science. Astronomy 
is the classification concerned with the stare 
and other heavenly bodies — suns and then 
solai systems, planets and their satellites, 
galaxies of stais, and nebulae Geology deals 
with the earth, earth-forms, and then his- 
tory Physics IS concerned with the laws and 
principles that govern moving bodies of 
matter, force, work, and energy Biology 
deals with the structure, growth, and repro- 
duction of living things Psychology, soci- 
ology, and physiology, like biology, deal 
with organic phenomena or the behavior of 
living forms of matter 

Chemistry is concerned with the proper- 
ties, or chaiacteiistics, of the materials which 
oui world and all it contains is composed of, 
and with the changes by which these ma- 


terials are converted into others Both 
chemistry and physics deal with matter and 
energy. Physics, more than chemistry, is 
concerned with the availability, nature, and 
effects of different forms of energy, such as 
heat, light, and electricity, chemistry is more 
concerned with different forms of matter, 
such as water, salt, iron, sugar, oxygen, and 
gold The concern of chemistry with eneigy 
has to do with the energy change.s that ac- 
company chemical transformations of matter 
f lom one 1 oim into another Thus, water is 
decomposed into liydiogeii and oxygen by 
the exiienditure of energy, when it i.s pro- 
duced by the combination of these two foim,s 
of matter, energy is libeiated All changes 
of one kind of matter into another aie ac- 
companied by the adsorption or libeiation of 
energy, u.sually m the fonii of heat 

CHEMISTRY 

Its Utility 

Changes in the woild aliout him interest 
man becaiusc they affect the conditions under 
which he lives These changes are hugely 
chemical m character, and many of them — 
the fertility of soil, the weatheiing of locks, 
decay, combustion, and other natuial proc- 
esses and conditions — have been the sub- 
jects of chemical studies which have added 
greatly to man’s store of infoiination and 
hi.s ability to undei stand nature By caie- 
fully applying hi.s new knowledge, man has 
learned to produce many substances un- 
known in the natural woild in many re- 
spects, he has iinpiovcd upon nature, and 
often he has been able to .supply his needs 
and de.siios where nature fails, The results 
of all of these studies are described and ex- 
plained in the vast hteratuie of chemistry 

To this accumulation of knowledge theie 
aie added each year the results of several 
thousand investigations, some little and some 
great, but all of possible utility. From lab- 
oratories in industry and in the universities 
there is an ever-increasing flow of informa- 
tion concerning old and new substances, 
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methods by which they can be piepaied, 
and new uses for them We have learned to 
produce paper and cloth from wood, glass 
from sand, sugar from cornstaich, resin-like 
substances from carbolic acid, medicines and 
dyes of all colors from coal-tar pioducts, 
cement from shale, steel from iron, explosives 
from cotton, and lertilizeis from the nitiogcn 
in the air From petroleum we have learned 
to produce gasoline, kerosene, vaseline, par- 
afBn, and lubneatmg oils Wlicn the demand 
for gasoline for automobile engines exceeded 
the normal yield obtainable from petioleum, 
we learned how to obtain moie gasoline from 
the same quantity of crude oil When soils 
became too poor to suppoit our crops, we 
learned what plant foods were needed, where 
they could be moat cheaply obtained, and 
how to piepare them lor the plant’s use 
The fight against disease has called for the 
preparation of thousands of medicinal sub- 
stances and the extraction and purification 
of many others of natural origin With 
scarcely an exception, the materials we use 
in our daily lives — food, clothing, paper, 
glass, steel, cement, ink, drugs, dyes, soap, 
coal, wood, gas, gasoline, paint — all are le- 
lated in some way to chemistry (’homical 
principles are employed in then piepaiation, 
and their chemical properties determine their 
uses 

Most of you will not be chemists But 
whether you become a farmer, a doctor, a 
banker, an engineer, a lawyer, or a house- 
wife, theie IS much piactical information in 
this study to aid you in shaping youi caieer 
and making it successful All these iwtmtiea 
are concerned, directly or indirectly, with the 
materials that constitute our world What 
we know of these materials and our uses of 
them are a part of chemistry 

The Study of Chemistry Has Other Values 

In addition to its usefulness the study of 
cheraistiy has ceitain purely scientific values 
Just as there are values to be dcuved from 
an understanding of how ait, music, leligion, 
and the social and political institutions of 


mankind have developed, so is there value 
m imderstandmg how the science of chem- 
istry started, how it has developed, and how 
it has played its pait in fashioning the char- 
acter and extending the boundaries of mod- 
em civilization. 

Our study will .show how data (facts) have 
been collected and will descrilio the observa- 
tions made by many investigators It will 
show how these observations have been in- 
terpreted, how, fiom .scattered iaiAs, general 
laws and pnnciple.s that give the science its 
foundation and framework have been formu- 
lated, how single bits of infoimation have 
been pieced together and made to tell a stoiy 
Like the piece.s of a giant “jig-.saw” puzzle, 
these bits of mioimation had to be ioimd; 
then each had to be fitted iii its [iroper place 
As each was adtled the cle.sign of the picture 
became a little clearer 

As you study this subject, you will bo 
called upon to follow the reiusoning of otliois 
and to understand theii mterprciutions and 
conclusions concerning the data they col- 
lected. You will learn wliat they have done 
by putting together for yourself the scatteicd 
bits ol the " Jig-saw” puzzle, just as they 
have put the paiLs togi'thcr, piece by piece, 
all through the history of the science Like 
them, you mu.st leason cleaily from indi- 
vidual facts to general principles -- fiom 
pieces of the pictuie to finished parts of the 
final design You must follow them even 
further into the unfinished portions of the 
picture, wheie pieces are missing, or if 
known, have not yet lieon assembled As 
the scientist woiks towaul the comiilction of 
his picture, he must liiivc some jilan some 
imsonalile and po.ssiblc conception of what 
the unfinished poition oi the picture must be. 
He calls this plan a tlieoiy, to formulal,c it he 
draws, perhap.s, upon 1ns imaguiafion to 
some extent, but he is guided largely by the 
finished poitions of the picture and by the 
unassembled pieces available Using his 
theoiy as a guide, he attempts to fit the.se 
pieces, and others that may be found, into 
the picture in accoidance with the plan he 
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has accepted as the most reasonable and 
most probable Sometimes a reasonably 
supported and justified theory is lacking 
Under such conditions, the scientist may 
follow a hypothesis, winch is one of several 
possible explanations of a situation 

Your study of chemistry will be concerned, 
therefore, with theories as well as laws and 
principles As you follow the development 
of these theoiies, you must learn to dis- 
criminate, you must test all suggested solu- 
tions of a problem m the light of such facts 
as aie known; and you must modify or dis- 
card possible solutions as the facts appear 
to demand You must also learn to make 
your own observations, to assemble and or- 
ganize your data, and to arrive at your own 
conclusions The study of chemistry has, 
therefore, other values for the student than 
the information it can piovide about the 


materials he uses and woiks with in his 
daily life 

The Methods of the Chemist 

Occasionally, a great discovery in science 
is made accidentally; an investigator may, 
quite by chance, find something of impor- 
tance while searching for something else, as 
Perkin discovered the fiist synthetic dye 
while he was seeking a way to make quinine 
Most discoveries in science, however, aie 
the results of carefully planned and outlined 
programs of reseaich, aimed at definite 
goals and lequning hard work and patience. 
In planning the study of a paiticular prob- 
lem, in collecting his data, and finally in 
selecting the final solution of the pioblem, 
the chemist uses the scientific method Much 
that has been written about this method 
leads one to think of it as something novel 



Courtesy nf Lever Brothers 


Figure 1 An InduttHal Laboratory 

The chemical laboratory in Industries is used for research, testing, and the control of the quality of products. 
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and peculiar to the pioblems of science, but 
thcie IS nothing novel or strange about it 
[t is the simple, logical method of finding 
the answer to any question that can be sub- 
jected to inquiry and investigation 

Wo may thoicfore summarize the method 
of the scientist, as ho attempts to find an- 
sweis and to solve prolilems in his laboiatory, 
as f ollows { 1 ) All available far I s pei taming 
to the problem are collected Causes and 
the effects to which they lead must be care- 
fully and critically examined (2) The fads, 
or data, must then be studied to discovei 
what general relationships exist among them, 
and what pimciples can be applied to them 
as a whole (3) Theoiies may be formulated 
to explain the facts upon winch the geiu'ial 
principles are based and to suggest other 
probable gcneial principles that must he 
finally determined or reiected, beloie the 
pioblem IS completely solved Tliesc theoiics 
should serve as a basis for predicting, at least 
with some degree of ac.cuiacy, new infoima- 
tion that may be added later; they point out 
the direction m which new information must 
be sought In this mannei, theories seivc as 
useful guides for fuithci work, (4) Finally, 
attempts must be made to establish oi mod- 
ify theories in such a manner that they can 
be accepted ultimately as general truths 
Let us eonsidei the application of this 
method of attack to a .single pioblem What 
happens when a metal iiiste'? Fust, we mu,st 
observe the rusting piocess for different 
metals under different conditions as to tem- 
perature, moistuie, and the nature of the .sur- 
rounding almospheic We must .study the 
properties of the metals before and a((,(‘i 
rusting occurs We must detci mine whether 
they gam oi lose weight when they rust 
We must determine wheLhci or not they rust 
in a vacuum We may even attempt to de- 
termine whether oi not it is possible to con- 
veit the rust back into the metal By .such 
studies many facts beaniig upon the prob- 
lem will be collected We find that not all 
metals rust under ordinary conditions, and 
that some do not rust under any conditions 


The latc at which rusting occurs increases as 
the tempc'iatiuc rises Moisf, metals rust 
moie rapidly than diy ones An appears 
to 1)0 nGeo.ssary, because metals do not rust 
111 its al)scii('c We find, howevoi, that not 
all of the an, but only about one filth of it, 
IS involved in rusting When small pieces 
of iron ari' placed m different samples of an 
(m (dosed vc'.sstds), rusting ceases when oiu' 
filth of the air lias lic'en consumed, and il 
muttl he consumed in the inoeess, beeaiiso the 
(leeiease in volume eaii easily lie measiiKsl 
There is always a gam iii the weight of tlu* 
metal during nisting, and this gam is exactly 
e([ual to the lo.ss in weight .sulfeicd by tlie 
ail 8till olihei data ean be seemed 

Fiom these and similiu data certain eon- 
(dusions can bo diawn about rusting in gen- 
eial Foi example Rusting is a cliange m 
whieli a metal comlunes with some paii of 
an From tlu' laets levi'iiled hv tins studv 
and the geneial concln.sion.s ic'suliiiig fioiu it, 
the chemist may see jusliilicatiou and u-asoii 
loi the lollowmg tlu'oiy coiuxMiiing (he 
nature and composilion o) the an Ail is a 
mixture of gases eoutaining at least two suh- 
sliiiuccs, one of whudi is inaetivc and the, 
other active m promot ing the nisi mg of 
metals and inobably, also, llio burning of 
combustible mateiials and tlie process ol 
lospiration in (ho liody ddns theory is 
suiiported by a consideiahlc number of 
laets, and it ulTeis a leiisoiialilo liasis foi 
fiiithei studies of air and of other subjects, 
.such as combustion 

Research in Chemistry 

The cheimslr is ns much coms'nKsl viUv 
tlie liitiiie ol elunuistiy as he is with its liis- 
toiy and its pro, sent state 'riiiough le- 
seai'cdi, ho opens up new soiiices of mforma- 
tioii c()tic(‘iiiiiig mateiials, tlu'ii uses and 
tlieii jiioiKutK's Ills K'M'aicIi may lie m 
the diicetioii of jnoducing new diugs, dyes, 
textile.s, 01 ppilnmcs, of improving upon 
methods ol piodueing tliern, of finding new 
uses for mateiials, oi of adding infonnation 
of a general natuie that doe.s not have im- 
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mediate or direct practical value, but which 
nevertheless advances the science by ex- 
tending its boundaiies 
We sometimes think of lesearch as work 
planned and carried out to produce some- 
thing that can be used — something that 
will have values measurable in terms of dol- 
lars and cents Yet many of the most im- 
portant studies in chemistry and in other 
sciences have been undertaken without any 
reason to believe that they would yield le- 
sults ol economic value It is inevitable and 
desirable, ot course, that all knowledge be 
used to man’s advantage, because this is 
true, life has grown easier and riehei as 
scientific knowledge and technology —• the 
application of this knowledge to industry — 
have advanced Reseaich, however, must 
have no limitations, and the research worker 
must be free to follow whatever paths of ex- 
ploration his quest may lead him to travel 
Who can tell what inventions, what new con- 
veniences, and what impiovemcnts in manu- 
facturing may result from scientific research 
until the investigation is completed? Before 
the first electnc motoi was constructed, 
many years ot seemingly useless investiga- 
tion of electricity were necessary Before 
proper feitihzers could be produced, lesearoh 
had to reveal the matenals that plants le- 
quire Before indigo could be synthesized, 
chemistry had to grow through research on 
fundamental piinciples, until it had estab- 
lished methods of analysis and had given 
the chemist some undeistanding of the lules 
governing the changes by which one kind of 
mateiial can be conveited into another 
The worker m the reseaich laboratory feels 
something of the same spiiit of adventure 
that the exploior and the pioneei feel when 
they set out to visit new lands or to travel 
uncharted seas Theii exploiations aie of 
geographical frontiers, his are on the fron- 
tiers of Imowledge But like the explorei 
of new lands and oceans, the scientist m lus 
laboratory acts on the impelling desire to 
conquer the unknown Because of the same 
driving force, men try to climb Mount 


Everest, to reach the poles, to explore the 
jungles of South America and the icy vast- 
ness ol Antaictica, to climb highei into the 
air than anyone else has evei climbed, to 
reach the moon — all because these “un- 
knowns” challenge the iiower, the courage, 
and the intellect of man 
The first glimpse through a microscope of 
the bacterium responsible foi some disease, 
the sight of a newly discovered star through 
a telescope, oi the obsoivation ot crystals of 
a new compound slowly forming and gi owing 
in a solution, can be just as exciting as the 
fimt sight of a newly discovered land Geo- 
grahpical frontiers no longer offer many op- 
portunities to the explorer, but the day of 
scientific reseaich has onlj' begun There 
aie many problems m chemistry that await 
solutions, some directly concerned with oiu 
needs, and some witli the development of the 
science along general lines With climmisli- 
mg resources ol peti oleum, from which aie 
pioducod gasoline and lubricating oils, rc- 
scaich must provide new motoi fuels We 
cannot forever make paper from wood unless 
processes are peifected for tlie use of wood 
from rapidly giowing trees In time, it may 
lie necessary to find new sources ot energy 
to supply the needs of industry New drugs 
must be prepared to fight disease How can 
we most quickly restore the feitihty of soils 
that have been tilled too long without 
thought of their future values'^ How do our 
bodies build up the complex compounds 
that compose them'i’ What is the nature of 
the chemical forces that account for the dif- 
ference between life and deatli'i’ How do 
plants mamifacLure starelios, sugars, and 
proteins? What, are all the factors tiuit do- 
toiinine the eharactoi istics by which one sub- 
stance can bo distinguished from anothei''’ 
We do not intend to oveiemphasize the 
importance of chemistry and the othci 
sciences There aie many pioblems in the 
woild, and not all of them can be solved by 
the methods of the scientist We must 
stabilize and perfect oui economic and social 
organizations We must cultivate and de- 
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relop the aits; we must produce literature 
and music, and we must pictuie with paint 
and pen the beauty of the world Without 
these activities, man would soon sink to the 
levels tiom which he has iisen More than 
all else, as the picsent state of the world 
indicates, we must in some way establish the 
geneial piindples under which all men and 
all nations of men can live togethei in free- 
dom and mutual faith 

Subdivisions of Chemistry 

Just as science grew to such proportions 
that division into its scveial bianches be- 
came necessary, so has chemistry grown until 
it now must be divided The field is now 
so great that the term chemist tells veiy little 
about the specialized knowledge of one who 
has studied chemistiy and who follows the 
subject as a profession Instead of chemists, 
we have oiganic chemists, analytical chem- 
ists, physical chemists, inoigamc chemists, 
and chemical engineeis Organic chemistiy 
deals with substances composed in part of 
carbon, many of which are associated in 
some way with living bodies, plants and ani- 
mals Analytical chemistiy is concerned 
with the identihcation, separation, and quan- 
titative measuiement of the composition of 
different substances which occiii in natuie 
or are manufactured from other mateiuils 
Physical chemistry includes the laws, prin- 
ciples, and theoiies of the subject A knowl- 
edge of this division of the science is particu- 
larly important in all fields of chemistry, 
since the fundamental laws are the basis 
upon which all the diffeient divisions are es- 
tablished Physical chemistry includes many 
of the principles of physics as well as those of 
chemistry Inorganic cheiius(,ry deals with 
substances obtained directly or mdiieclly 
from minerals, ores, and similar sources 
Idle chemical engineer designs and operates 
the appliances and equipment liy means of 
which chemical operations are earned out 
on an industrial scale 
This book is written for students of general 
chemistry, which is a survey of all the divi- 


sions of the science It deals largely, how- 
ever, with fundamental jiimciiih's and the 
sources of inlormation from which the data 
suppoiting and suggesf,mg these principles 
have been derived Specific sulisfances arc 
also included in order (1 ) to illiistruto and 
apply these principles iirtclligeiitly, (2j to 
acquaint the student with tlic natiiio and 
variety of the chemical cluiiigi's liy which 
one form of matter is converted into another ; 
and (3) to demoiisliate by" means of apiiro- 
piiate examples the iinpoiLant role, in 
general, that chemistry jilays in everyday 
life and in industry 

Review Exercises 

1 lycfino, in its Imiadcst sense, the tciin snciwc 

2 Science is snnictimos classified as jjoeuil 
science, biological science, iiatmal science, 
and phvsical si lencc I’o what fields of 
knowledge do these tenns ajijilv'^ To which 
hold oi fields docs chcniisl I \ lielong'^ 

3 With wluit special field ol science does eliein- 
istry di'iil'^ 

4. What IS the value of a theoiy? How does a 
theory diffei iioin a law? 

5 What IS the jiioeediiie by wliieh the eheinisl 
amves at ('(inchisums and explanations of the 
piohleins he attempts In solve'^ 

() Wliat IS the aim and scope of a eouisc‘ in 
geneial eheimstiy''' 

7 In what way oi foi what leason is chemistiy 
eonceined with eiieigy? 

8 Wliat aie the piiiieijial sulidnisions ol 
eheiui.stiy? 

References for Further Reading 

Purl Plai/ed 1)1/ ChcmNii/ in IIk MoiUrn ll'in/d 
Virhetuiis, S A, ('lininslni le MmUrn hijr 
'I'lans hy (i S Leoiiaid , Niwv yoik I) Van 
Nostuuul t'lmiiiauy, 11)25 
Heeiy, h (1 , iS'tnff, the Shin/ cj Malawls in Itir 
Serme oj Man New Yoik D Appleton- 
Cciitury Company, 1930 
Claike, B T, , The Muivch uf Moilmi Phcmistn/ 
New Yoik Haipei and Biotheis, 1935 
Haynes, W , Men, Moneij and Molecules New 
York Doubleday, Doiaii and Comjiaiiy, 
1936 



6 


INTRODUCTION FOR THE STUDENT 


Ind and Eng Chem , 14, 887 (1922), 16, 447 
(1924), 16, 1105 (1924) , 20, 884 (1928), 27, 
103 (1935), 31, 520 (1939) 

Morrison, A C., Man in a Chemical World 
New York Charles Soubner’s Sons, 1937 
Slosson, E E , and H E Howe, Creative Chenv- 
istry. Rev. ed , New York D Appleton- 
Century Company, 1930 
Stokley, J , Science Remakes Our World New 
Yoik Ives Washburn, Inc , 1942. 

Tilden, Sir W A , and S Glasstone, Chemical 
Discovery and Invention m the Twentieth 
Century 6th ed , New Yoik E P. Dutton 
and Company, 1936. 

Chemists and Their Work 
Boyd, T A , Research New York D Apple- 
ton-Century Company, 1935 
Coith, H , So You Want to Be a Chemist New 
Yoik MoGiaw-Hill Book Company, 1943 
Davis, W I ed I The Advance of Science New 


York Doubleday, Doran and Company, 
1934. 

Foster, W , The Romance of Chemistry 2d ed , 
New Yoik D Applcton-Century Company, 
1936. 

Flench, S J., The Drama of Chemistry New 
York Umveisity Society, 1937. 

Grady, R I , Chittum, J W ,etal , The Chemist 
at Work. Easton, Penna Joiiinal of Educa- 
tion, 1940 

Haiiow, B , Eminent Chemists of Our Times 
2d ed , New York D Van Nostiand Com- 
pany, 1927. 

Jaffe, B , Crucibles, the Lives and Achievements 
of the Great Chemists New Yoik Simon 
and Schuster, 1939 

National Roster of Scientific and Specialized 
Personnel, Chemistry as a Profession Wash- 
ington United States Government Printing 
Office 



MATTER AND ENERGY 


Fads arc the body of science, 
HAMUEI, iinowN 


MATTER, MASS, AND WEIGHT 
1. Matter 

All objects in the world about us arc com- 
posed of matter Although it is everywhere 
— in our bodies, m our houses, in city streets 
and in fields and foiests, in the sea, in the 
atmosphere, in the earth, and even in far-off 
space — we cannot tell you what mattci 
The best we can do is to make a few state- 
ments about it Because of the matter they 
contain, bodies possess certain piopcitics. 
They have weight; they occupy space; they 
possess inertia; and they can be acted upon 
by foices that sot them in motion Wc do 
not need to be told that matter exists in 
many dilfeient foims gold, non, copper, 
watei, sugai, salt, and diamond, for ex- 
ample, Many of these, under ceitain condi- 
tions, can be conveited into othci ionn.s 
The matter in a plant, for instance, can be 
converted into the body-buildmg tissues of 
an animal for which the plant serves a.s food , 
or the plant may die, and duiing i(,a decay, 
a part of the matter it contains may bo re- 
turned to the soil to serve as food for an- 
other plant Foims of matter may change, 
but matter itself is neithei dostioyed noi 
created We are inclined to regard it, theie- 
loie, as one of the ultimate realities of na- 
ture — a ceitain something that can be 
changed into diffeient forms of itself but 
not into anything else We think of energy 
as another ultimate reality. 

It now seems certain that matter and energy 
are different forms of a single reality, and that, 


under suitable coiuhtious, one can bo converted 
into the other. The enormous ciuantities of 
energy released by the cxiilosioii of an “atomic 
bomb,” and by othei changes of a similar natiiie, 
result fiom the conversion of matter into energy 
There aie no such oliangos as this in the oidinary 
com so of events m the labmatoiy or in nature, 
or if tlieie are, they aie so small that they eaimot 
be detected by oui niothods of iiicasuiing (luaiiti- 
ties of matter and eneigy Hence iii om elemen- 
tary .study of chemistiy, which involvc's many 
changes of matter fiom one foim into anolliei, 
wo shall icgaid niattei as sometlung jieniianent 
and neccHsaiy to the existence of the iialuial world 
as wc know it 

2 Mass 

The Wia.s.s of a body is defined iv,s ‘‘tlie ([uari- 
tity of mattc'i ’’ m tlie body If we say that 
matter i.s that winch jiossesses nuuss, the 
quc,sti()n beeomeH one ol detei mining wliat 
mass i,s, and one can olfci no iiioie Hatislae- 
toiy amsw'or to this tlian to our former cpies- 
tion aliout matter Mas.s, however, can Ik' 
measured -at loa.sL m the sense, that llic' 
mans of one body can be eoinpaied willi tlie 
masis ol anolher beeaii.se of the foiee of 
giavil.atiou that the eaitli exeiUs upon dilfer- 
ent bodicts 'I'lie attraction of tlie earih lor 
a body ls eallcid the lucighl of tliat bodv; 
weight depends upon the (luaiitity of mallei, 
Ol mass, that the body contains and iiiion tlic' 
distance of the body from the cciitei of tlie 
earth Any two objects — .simple forms 
such as two iron liam or very complex bodies 
such as the moon and the caith- attract 
each other with a foice that is inversely pro- 
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portional to the square of the distance be- 
tween them; this attraction also depends 
upon the masses of the two bodies. Matter 
attracts matter, but the attraction of the 
earth for bodies on it is so much stronger 
than that of any of these bodies for one an- 
other that it completely overshadows the 
smaller gravitational effects between the 
bodies themselves 

Mass, also, is the piopeity of matter that 
causes a body to possess inertia, which refers 
to the tendency of a body at rest to remain at 
rest or, if moving, to continue its motion in 
a straight line unless it is acted upon by 
outside foices Both the inertia of a body 
and the giavitational attraction of the earth 
for the body are effects of the mass of the 
body and are directly proportional to it 

3 Weight 

The masses of bodies are compared by 
weighing, a process by which we measure the 
gravitational attraction of the earth for a 
body by balancing it against standard 
“weights” for which this giavitational at- 
traction is expressed in arbitrary units The 
chemical balance (Figure 2) is used in the 
laboiatory for this purpose It consists of 
two pans attached to the end,s of a beam that 
lests, at its center, upon a knife-edge When 
bodies possessing the same mass are placed 



on the two pans of the balance, the earth 
pulls each downward with the same attrac- 
tion, and the beam of the balance re.sts in a 
horizontal position The object to be 
weighed is placed on one pan of the balance 
and standard “weights” are placed on the 
other The object’s weight is the sum of the, 
standard “weights” required to make the 
beam rest hoiizontally on the knife-edge 
Weight is sometimes doteiTniricd by means 
of a spring balance The object to 1 lo weighed 
is placed in a pan attached to the end of a 
.spiing, and its weight is ineasuied by the 
extent to which the spiing is stretched as 
compared with the stietch produced by 
standard weights 

Although we compare the masses of two bodies 
by finding then weights, we should not think of 
mass and weight as meaning exactly the samp 
The attraction of the earth tor a body — wciglit 
— changes with the distance of the body fioin the 
contei of the eai th. ThiiB, a liody is not iitti actcil 
as strongly by the eai th, and docs not iins.scHs the 
same weight, in n balloon or on a mountain, as 
at sea level Thoi'C is no reason, however, to 
believe that tlie mass, whicli is tlic quantily of 
matter in the liody, vanes from one locality to 
another. The weights that arc used in weighing 
an object on the chemical balance are sulijeet, of 
course, to the same changes with distance fioin 
the center of the earth as the liody itself neiiec', 
the weight of a body is the same, when ineasuied 
on this kind of balance, icgaidlcss of the locality 
m which it IS weighed The weight ns dcteiinined 
by means of the spring balance, howevei, is not 
the same at all jilaces. The same mass will stretch 
the spring faither at the, level of the sea than on 
the to]) of a mountain, and lienee the stieteh of 
the spiing by the object should be coiniiaied witli 
the stietch liy staiidanl weights in each location 
wlieio the spiing balance is used 

In any work involving moasuiomontH, 
units mast be adojited .so that I, he quail li- 
tie.s measured can be compaicd It is foi 
such purpose, s that we have mtiodiiced into 
eveiyday hfe such measures a,s bu.slicls, bar- 
rets, hours, hoi.sepower, pounds, tons, ami 
kilowatts In chemistiy we are jiarticiilaily 
concerned with units of temperature, length. 
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volume, and weiKlit We are alwo mteiested 
in uniis of energy Huoh as lieat and (declncity, 
but tliGHe and other unite will lie diHcuased 
later in connection with subjects to which 
they are closely related 

4. Measurement of Temperature 

A ihmnornoln i,s an iriHlrumont used to 
measure tcmiieiatuie The most common 
tyiic of thermometer conw.ste of a glass bulb 
filled with mercury and attached to a long 
capillary Lulie or stem Changes m the 
terniierature of the mercury cause it to ex- 
pand or contract and therefore to rise oi fall 
in the eainllary. In the chemical laboratoiy, 
temperature is usually measuied on the 
Cenligiade, insteafl of the Fah> cnhcil, scale 
Tlie tempeiature at which pure watei fieezes 
IS taken as zero on the Centigrade scale, 
the zero pomi on the tlK'imoiiieti'r is tlie 
point at which llu' level ol mercury tests in 
the capillary ivlum llio themiomctei is 
jilaced 111 a liatli ol iiicUiiig ice The boiling 
point of valt'r, al what is called the average 
pressure of (lie atmosphere at sea level, is 
called 100° This gives 100 eciual divisions 
between the boding and fieezing jioiiits of 
watei On the Falucnlieit scale this same 
lange of lemiiciature is divided into 180 
divisions, since on tliis scale water freezes at 
32° and bods at 212" The divisions are ex- 
tended on eithei side of these two points to 
complete the two scales JOach ihvision of 
the FaliicnlKut scale is five ninths ol a divi- 
sion on the Centigiade scale ('entigrade 
temperature leadings can be conveited into 
the coiiespoiiding Fahrenheit readings liy 
means of llu* following fonnula 

C " - (F “ - 32) X I 

5. Linear Measurements 

The unit employed m measuiing lengths 
or distances is the niclci This unit is the 
distance between two lines, at 0° C , on a 
bar of platinum and indium deposited in the 
vaults of the International Bureau of 
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Figura 3. Comparison of tha Two Temparature Scales 

Weights and Measiiics ncai Pans The 
meter IS subdivided into oerihinnla) s (1 metei 
= 100 centimeteis) and milLmelns (I centi- 
meter = 10 millimeters) The abbicviations 
for these units aic m , cm , and mm , re- 
spectively 

6. Measurement of Weight and Volume 
The unit employed in weighing objects is 
the giani (g ), This unit is one-thousandth 
pait of the weight ol a piece ol metal con- 
taining platinum and iiulium, which is de- 
posited in the Inteinaiional Buioau of 
Weights and Measiues Tlie weight of the 
entire piece of metal is, therefore, 1000 
grams or one kilogi am (kg ) Idic liter (1 ) 
is the volume occupied by the (juantity of 
distilled water which, at 4° Cl , will exactly 
balance the standard kilogram The original 
idea was to select a weight of the platinum- 
indium metal which would exactly balance 
1000 cubic centimeteis (cc ) of pure water at 
4° This would have made one cubic centi- 
meter of water weigh one gram As it turned 
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Figura 4 Lenglht of Four Inchat ond Tan Canllmelart 


out, however, the weight of metal actually- 
selected IS equal to the weight ol 1000 027 
cubic centimeteis of watei at 4° The liter 
representing the volume of watei required to 
balance the standaid kilogram is, therefore, 
not equal exactly to 1000 cc The difference 
IS slight and is often neglected Instead of 
using the cubic centimetei as a unit in meas- 
uring small volumes, the milhletei (ml ) is 
often used This, of course, is the one- 
thousandth part of a liter 

7. Density 

The density of any body is defined (for a 
definite temperature) as the mass per unit 
volume of the body The volume usually 
selected is the cubic centimeter Since this 
volume of water, at 4° C , weighs almost ex- 
actly 1 gram, the density of water is I The 
density of gold is 19 3 ; therefore, 1 cubic 
centimeter of gold weighs 19 3 grams, or 
19 3 times as much as the same volume of 
water Both above and below 4° C , the 
density of water is slightly less than 1 The 
densities of gases, which are very light as 
compared with liquids and solids, aie usually 
expressed as the weight per liter The tem- 
perature and piessure must be specified, 
however, because the density of a gas vanes 
considerably with changes in both these con- 
ditions The weight of a liter is called the 
liier-dmsity and the weight of one cubic cen- 
timeter IS called the absolute density ol a gas. 
The densities of liquids and solids also vary 
under different conditions of temperature 
and pressure, but to a lesser extent than the 
density of a gas. 


8 Measurement of Time 

In the laboratory, tunc is usually meahuied 
and expi&ssod in .seconds Tdie mean .solai 
day consists ol twenty-four hoiii-s oi Hb, 100 
seconds In dc.sciibing nviierimont.s oi nat- 
uial events that ocmir dmuig longer peuods 
of time, ininutc.s, lioum, days or oven veam 
may be used 

COMPARISON OF UNITS OF 
MEASUREMENT 

The following tabli' may be lielpful in 
compaimg tlu' units witli wliu li you are 
familiar and tliose ol the meliie .syslein, 
which includes the units deseiibed above 

1 meter is equivalent to 39 37 inchei 
1 centimetei is eciiiivalcnt to 0 3937 iiicli 
0.0144 meter is equivalent to 1 yanl 
1 inch IS equivalent to 2 .'ilOO centimeter'. 

1 liter is eciuivalcnt to 1 ().')r)7 quai Is 
1 kilogram is eciuivalent to 2 20.') iiminils 
1 pound is equivalent to 4.')3 li gianis 
1 giain IS eciuivalent to L'l 4324 giains 
1 gallon IS eciuivalent to 3.78.") liteis 
1 qiiait is eciuivalent to 0 9 Kll IiIcm 
1 mile IS eciuivalent to 1(109 33 nietcis 

The metue Hy,stem i.s used uni\ cmnclUv iii 
scientific wink fen the following ic'ascins 

(1) Its use IS inteinaluoiial, vlieieas eoininoii 
units of weights and measures dillei fimii 
countiy to eountiy and even m dilfeient 
trades in the same country, e g , a baker'.s 
dozen, avoirdupois ounce, fluid ounce, etc, 

(2) Units of the metric system are related to 
one another as decimals; thus, the millimeter 
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18 0.1 of a coniimctor, and tho contmintRi w 
0.01 of a mi'ior (H) Tlio diffeioat iimts are 
interrelated Thiw, l,ho gram i,s the weight 
of 1 ml of Mater at d'-C , and, cxeept for 
the slight dilTeienee mentioned on page 12, 
the mdlilitei is eijivalimt to the cnbie eenti- 
meter, These* nnits are moie eonvenient 
than the eommon .sv.stnn of units, in whie.h 
the foot or inch is the unit of linear mca-surc- 
ment and the pound or ouneo is the unit of 
weight. 

ENERGY 

Eneigy is usuallv defined as “the eaiiaeity 
of a hod> ioi doing woik “ This definition, 
like that of matic'r, is not very satisfaetoiy, 
hinee it assocuUi's eneigy witli a liodv 
laglit, liowc'vei, is a fonn of eneigv and is 
leal wlietlu'r it is associated with liodies of 
mallei' or not, It appeain tliat wc must 
considei c'liergv' as anotlier ultimate leality 
in d(>alltig Milh naluial phenomena, it is just 
as real and as fiuidameiital as niatl.er We 
have alri'ady uderied (page !)) to the, (jucs- 
Lioii ot llu* extent to \slueh luatlm* and energy 
(lun 1)(‘ ( oiisidered u.s separate lealities. 

9. Kinds of Energy 

Ecu oui ini'sanl, jiuiposes we can show 
most (>asily the nu‘aumg of energy by de- 
iseubing some of the forni.s in nhieli it exi.sts 
We aio laimhai ivilh lieat, eleetiieity, and 
light, Iheie aie sexeial othei forms 

A body may jios.sess potvnlial criogy us a 
lesull ol il.i posilioii, eoiuhlion, oi eoiniiosi- 
lion If any one ot these m changed, the po- 
leutial ('iK'igy ol tlio body is also ehaiigcd 
A book i(‘sting on a lalde jio.ssi’sse.s jioteii- 
tial energy lieeaiisc* ot il,s position; in falling 
to (he lloui, il can perform woik by setting 
into mot ion some olhei body wlueli it sti ikes, 
A eoinpiessi'd spiiiig cun do work beciause 
of its potential ('neigy, whieh dejieuds 
111)011 tin* condition of the spring But 
when the .spring is leleased and flies back to 
its normal condition, and when the book 
tails to the fiooi, potential eneigy i.s con- 
\eited into hnelic eneigy. Any body in 


motion possesses this kind of energy, the 
<iuanl,ily deiieiidmg upon the ma.ss (jn) of 
the body and the square of the body’s ve- 
locity (a). 

Kiiictio eneigy =■ 

The energy that a body possesses because 
of the characteristic composition, or strue- 
ture, of the substance or substances that 
compo.se it IS sometimes lefened to as 
chemical energy This is really a kind of 
potential energy stored in a substance, and 
under certain conditions, capable of being 
transfoi-med into energy of other kinds 
Cellulose, the woody inatciial of a plant, 
IS produced fiom water and carbon dioxide 
by a complieated .sene.s of i’eaction.s in which 
sunlight supplies energy that is stored in the 
cellulose as it i.s piodueed When wood 
burns, at least a jioitioii of this energy is 
released as heat, whieh (*aii, in turn, be oon- 
vi'ited into mechanical eneigy in a steam 
engine. 

The matter of which bodies are composed 
consists, we liclieve, of dilfeient kinds of 
imrt.u*le,s arranged in patterns, and each 
kind of mattei lias its own ehaiae Lens lie 
jialtcin, or .sLiuoturo If tlie forms aie 
changed — if the stiuetuial patb'ins are le- 
ai ranged, or even torn down and built up 
again in a ddferent manner there is a 
change in chemical energy The energy of 
the ongimil forms, deiiendmg as it does upon 
the iiatlcrns in which the pai tides aie ai- 
ranged, may be gieatei oi .smaller than that 
of the foims resulting fiom the tiansforma- 
tioas 11 it IS groatei, theie is an exee.ss of 
energy after the change, and lilus is liheialed, 
usually m the fomi of heat hut ,sonietim(*s a,s 
light or eleetiical ouci'gy It d, is .smallci, 
tliere will bo no change unless eneigy m some 
foiTO, such as heat, light, or eleetricity, a* 
available and can be used to ]noducc the 
new patterns with their gieater eneigy con- 
tent 

10 Changes of Chemical Energy into Other 
Forms 

Chemical energy is usually converted into 
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heat, or heat is converted into chemical 
energy, during changes in the form of matter 
Hence the changes that occur in the chemical 
energy of a system (consisting of one or more 
kinds of matter) are usually measured and 
expressed in terms of heat It is impossible 
to measure the total quantity of chemical 
energy possessed by any body of matter 
Instead, we deal with the quantity of energy, 
in terms of heat, involved in the formation of 
a definite quantity of a substance from cer- 
tain other substances, or in its transforma- 
tion into other substances. We deal, there- 
fore, with changes in chemical energy rather 
than the total quantities of energy possessed 
by different bodies of matter 
The unit of heat is the calorie, which is the 
quantity of heat required to raise the tem- 
perature ol one gram of water from 15° to 
16° C (Tor other changes of temperatuie 
of 1°, the quantity of heat is slightly differ- 
ent ) The kilogram Caloiie (Cal ) is 1000 
times as great as the calorie (cal ) Changes 
in chemical energy duiing the changes of 
one kind of matter into another are therefore 
expressed as small or gram caloiies or as 
large or kilogian Caloiies 

11. An Example of Change in Chemical Energy 

Whan one giam of caibon (chaicoal is one form 
of caiboii) burns, it combines with two and two- 
thirds giams of oxygen (from the air) to foim 
thiee and two-thirds grams of a thud substance 
called carbon dioxide At the same time, about 
8000 calorics of heat are liberated Eoi each gram 
of carbon Thi,s quantity of heat will laise the 
temperatuie of approximately 80 g of water 
from 0 to 100° C, The lelease of this heat must 
mean that the chemical oneigy of the carbon 
dioxide pioduced fiom 1 g of caibon and 2-| g 
of oxygen is less, by 8000 calories, than the 
chemical eiieigy possessed by the same quantities 
of carbon and oxygen before they combine 

12. Conversion of Energy into Other Forms 

Many ti aiisformations of eneigy, of couise, do 
not imolve changes m chemical composition 
Mechanical eneigy is converted in the dynamo 
into electrical energy Electrical energy is 


changed in the arc light and in the incandescent 
lamp into light and heat, and in the motor it is 
changed back into mechanical energy. A body 
so situated that it cannot move, becomes hot 
when it is struck by another body which is mov- 
ing with a high velocity, the kinetic energy of the 
moving body is conrerted into heat. Many 
other illustiations of the conversion of one foim 
of eneigy into another will suggest tlieiuselves to 
the leader The kinetic eneigy of flowing water, 
for example, may be conveited into mechanical 
eneigy, which in turn is used to genet ate electric- 
ity, and this to produce still othei forms, such as 
light and heat 

13. Units of Energy 

We have already defined the calcine iia the 
unit of heat. Othei units are used to exin ess 
the quantity of diffeient kinds of energy 
The unit of mechamc-al energv is imiiorlant. 
This unit IS the energv reipiirod to move a 
weight of one gram verlically through a dis- 
tance of one centimetoi against the foieo 
of gravity, it is called the gi am-rcnlimvtcr 
(g-cm) One calonc of heai is ccimvalent 
to 12,670 g-ems, One calorie repiescnts 
.sufficient energy, when trail, sfonned into the 
mechanical fonn, to lift a lOOO g weight 
42 67 cm. or 0 4267 m The unit of elec tn- 
cal energy will be dihcussod in a latei cliaj)- 
ter It m called the joule and i.s cquumtent 
to 0 23985 cal , or 1 cal is equivalent to 
4 185 joules 

14. Conservation of Energy 

The quanUtie.s of enetgv that am involved 
in diffeient tiansfonnatums ol oni' fonu of 
eneigy into anolher have liecii sliiihml enre- 
fully again and again Uillnn the limits of 
accuvaev of the methods used lo iiieiisiiie 
eneigy, il i.s quite ceitaiii Uial all t.lie eiungy 
involved m any change aiiiieiu's m some (omi 
after the change i.s completed, none is losi, 
and none us gamed This i)nuci])le is slated 
as the Law of the C'onscrv'alion of ICnergv 
2he guaniily of eneigy involved in a tians- 
Jotmalion is amslanl Thus law tloes not 
mean that all the encigv iin'ohed in a ju ur- 
eas can be used to do the wui k for which the 
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procc'fw iH operated, In anv brariHfoniiation 
of energy troin one fonii to aiioilioi, only a 
certain qiiaulitv ot the energy tiaiiatonncd 
can bo iiuwle bo do useful work. Not all the 
enersv of the stinun that expand.s in the 
cylnidew ot a loeoinotivc ran I)e uHcd to move 
a train of raix; neither, tor that, matter, can 
all tire energy avadable in the ccmibiistion 
of the coal beiiealli the boiler of the loeomo- 
tivfi be u.Hed to rhange watei into steam. 
Home cueiKV i.s lo.sl inc'vilably bv Ihc' radia- 
tion of hr‘al into the surroundings, and .some 
IS consumed in overeoimrig the liietiori of the 
moving parts ol the luarhine. 

DIFFERENT FORMS OF MATTER; THEIR 
CHANGES AND THEIR PROPERTIES 

15. States of Matter 

Mutter exists m tinee .states- solid, iuiuid, 
and ga,seou.s M'uter, lor exainiilc, e\i.sts 
sometimes as a solid (ire) and HoinetimeH as 
vapor (the gaseous slate), although we are 
most lamilmr with its liquid state Many 
kinds ol niatlei, like water, ran be obtaimsl 
reudilv m earli ol llie three si, ate, s, for .some, 
howeiei, i‘\lraonlinai v means must be used 
to produce one, oi even t.wo, of the states. 
Common salt, tor I'Kamiile, exists nonnally 
as a solid, at a temiierature ot .several hiiiv- 
die,d degrees, it. eiin be liquefied; and, at still 
higher temperatiue, it, is roriveitcd into 
vapor tlraphite, a soh<l uiulei nunnal roii- 
ditions, can lie liquefied only at d,500°-4tX)0°, 
and then only iindei ine.ssure 

At the nu'ltmg immt, solid changes into luiuid, 
and liquid rhaiigrs into solid, at the hoilmg point, 
iKpud rliangrs into xiqini, and vapoi rliangesmlo 
Inimd Below tlie iiielluig point, the solid is the 
slahlr sla((>, ahm r llie hoiling point, the vapor in 
slalile, anil hetween the two trmiieratiues, the 
liiimd IS the mniiiiil slate of the sulmtaucc. It 
should lie iiotrd, liowiwri, that .sonic substances 
change fiom the .solid to the lapoi state as the 
teinpc'iatuie is laised, and back again as it falls, 
without passing thiough the mtei mediate liquid 
state Thi.s change is called subhmutton Furthei- 
inore, many liquids and home solids vaporize ap- 


preciably — change into vapor — at all temper a- 
tures, even those fai below the boiling point 
Water, for example, evaporates at 0° C., anrl ice 
at lower tempeiatures, the rate of evapoiation is 
not a.s gieat, of course, as it is at higher tem- 
prraturas 

('.hange.s from one .state of matter to an- 
other are aeeompanied by changes in the 
energy oontent of the substance When one 
gram of me melts, 79 calonos of heat aie ab- 
sorbed When the .same weight of water ls 
changed into steam at the boiling point of 
water, 539 calories of heat must be absorbed 
The transitions in the opposite direction — 
vapor to liquid and liquid to solid — are 
accompanied, of course, by the liberation of 
energy Thus one gram of water liberates 
79 ealoiies of heat when it freezes, and when 
one gram of water is produced by the con- 
densation of steam at the lioiling point of 
water, 539 calories of heat aie set fiec 

16 Substances; Physical and Chemical Proper- 
ties 

Bodies are composed of materials, such as 
wood, steel, porcelain, cement, .stone, cloth, 
.siiliur, gold, lead, and iron These materials 
may he either homnqmaous oi non-homogena- 
ous If a material is homogeneous and has a 
definite (always the same) eoniposition, it is 
a suhslance All .sample.s of a sub, stance 
posses.s the same pto'perlxes and have the 
same composition, icgaidless of their sonice 
Every substance, theiefore, possesses .specific 
physical properties, such as color, odor, den- 
sity, hardness, melting point, and boiling 
point Eveiy substance also posses, see defi- 
nite chemical ptopeilics, the.se coneein its 
liaiisfonnations into other .substances and 
nsiieeially the diffeii'nl kinds of substances 
into winch it can lie transfomiod d'luiH the, 
nistiug of iron, the buiiiing of coal, and the 
decay of wood aic all possible because of the 
chemical propeitms of the hub.stan('eH tliG,se 
mateiiaLs contain Gold does not lusL and 
limestone does not burn because the chemi- 
cal propel ties of the.se substances are differ- 
ent fiom those of iron, coal, and wood A 
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substance is identified by its properties, both 
physical and chemical, and by its composi- 
tion 

In speafang of the properties of a substance, we 
do not include such conditions as the length, 
width, volume, weight, oi temperature ot any 
particulai body of the substance Buch condi- 
tions are sometimes called attributes oi accidental 
jiropeities They aie not ohaiactcnstic oi spe- 
cific properties of the substance in geneial, since 
they aie not shown by all samples of the sub- 
stance Watei at 10° and at 20°, for example, is 
the same substance An iron wiie 50 inches long 
IS just as much iron as a wire 60 miles long 
Sugar IS the same substance, regaidless ot the 
size ot the package in which it is sold by the 
grocer To distribute the water contained in a 
barrel holding 100 gallons into twenty five-gallon 
jioitions does not change the properties of the 
watei . Rome of the specific properties of a sub- 
stance depend, however, upon the conditions 
under which they are determined The density 
of water (page 12), for example, is diffoient foi 
different temperatures 

A substance ts defined, therefore, as a vanely 
of matter which has definite propeities and 
definite composition All samples of it aie 
identical Water is a substance; one sample 
of it IS like all othera, and there is only one 
set of properties by which all samples of 
water can be described and identified Nat- 
uial wateis fiom spnngs, wells, lakes, riveis, 
and oceans are not pure watei, and conse- 
quently display differences in properties and 
composition These differences depend upon 
the substances that aie dissolved in the water 
from different sources Copper, tin, zinc, 
lead, gold, salt, sugar, iron, sulfur, glycciiiic, 
and oxygen are other substances. 

17. Mixtures 

One sample of milk is not identical, either 
in propel ties oi in composition, with another, 
although both may be taken from the same 
bottle If one sample comes from the top 
of a bottle that has been standing for some 
time, it will contain more cream than an- 
other from the lower part of the bottle. Milk, 


therefore, cannot be classified as a .substance, 
because its properties and composition arc 
variable. Granite, cement, biittci, flour, and 
petroleum arc other examples of nun-homo- 
geneous materials, they coiisisl, of mictwcs 
of .substances Thus granite i.s a mixture 
of varying quantities of silica, feldspar, and 
mica, eacli of which jjos.sesso.s il.s own set of 
properties The.se piopmlics are (he same 
for silica, feldspar, and mica m grauili' and 
for.scpaiateoccurienccs ol (lie (luce kinds at 
substances- pure silica, pine leldsiiai, oi 
puie mica Wheat (lour is composi'd ])rm- 
eipally of starch and gluten If tlu' (lour is 
placed in a cloth bag and kneaded in watei, 
the .staieh passes tliroiigh the cloth and 
makes the water “milky ’’ Gluimi is h'ft in 
the bag, when all (be staich has licim wnslicd 
away We can think of many othci common 
materials that are mixtuies ratliei than suigk' 
substances ( bal is not asiibslauce, bi'causc 
diffcicnt .samples coni, am dilTcient lelativc 
amounts, oi pciccnlagi's, o( asli, wndm, 
carbon, and other components Soils con- 
tain vaiving amounts ol clay, sand, walci, 
and oiganic sulistam cs resulting lioni the 
decay of vegetation In all mi\lui(‘s, the 
composition and charactciistic propmtics ol 
the component siibslances aic mu hanged 
Evciy mal,enal, Uieicfoie, eon^isls ol a 
single (puie) siilistanee, oi it is a nu\(uie ol 
two Ol moic substances, each ol which re- 
tains in the mixture its own chaiMelenslii 
properties This is, perhaps, Ihi' mos( lun- 
damental law of clicmistiy It appiuim \ ei \ 
commonplace and without, peubaps, any sci- 
entific value, but if wo did no( kium that il 
could be aiijilied acciiiatclv and sliiellv, 
the study oi mateii.ds would lie veiv mueli 
coni used 

18 Physical and Chemical Changes 

No projieity of a subslaiici' is moie impor- 
tant to the chemist than the (dianges i( can 
undergo, and no knowledge about the siili- 
stance is more important than mloimation 
concerning the conditions necessaiy to elleid, 
these changes 
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We are aware of the many changes that 
occur continually around us and that alter 
greatly the different ff)nns of matter with 
winch we are, aeciuamted Waloi freezes; 
rocks weather and crumble, the leaves of 
trees change color, and fruits ripen, moun- 
tains and lulls aie eroded; wood decays; non 
rasts, all the earih, in fact, aiipcam to he in 
a continual process of change. Those 
changes are either pln/fiiial oi rhciniml 
When physical changes occur, some of the, 
properties of a siihslanee mav’ he alteied for 
a time, l>nl na nrw Niihstdiirm imformrd The 
following aie examples of plnsieal ehange; 
(1) The melting of ice and the eoudenHalion 
of Htoam; (2) the ini\ing of sugar v\ith water 
to fonii a solution, (h) tlu' ehange ohseived 
when a platinum niu' is lieiiled to redness 
In eaeh of these lliere is u change in jiioper- 
tics. 'I'hus a lupiid is iirodiiccd from a solid 
when ic(' iiu'lts, and a gas i.s ehaiiged into a 
liquid i\hen sttsun condenses When .sugar 
dis, solves, it too changes fiom tlu' solid to the 
liquiil state 'I'he phitiiuun viK' changes, 
when lieated, Irom a sil\cry, lustrous metal 
that lelleets light lo one that emits liglit 
But theie is no alteiation ol (h(> fundamen- 
tal cluuaclei of aiiv ol these suhslanees (lin- 
ing these ( haiiges Ice and steam are only 
the solid and gaseous states of water Sugar 
dissolved 111 water letaiiis its oiigimil com- 
position and only forms a nu\Uire, from 
which it IS leadilv obtained again m its ciys- 
tallme ioini In allnwing the watei to eva])- 
oiate ^\lleu the platinum wire lias cooled, 
it is the same substance and posscssc's the 
same pioiieities as ;ui uiiheated wiie of the 
same nu'lal, and e\eii wliile it is hot it is still 
jilnt mum 

V iheiuK.al change ahva\s produces at 
least one suiistanct‘ eiiluely dill'eieiit fioin 
lho.se that c\is|(‘d heloie tlu' ehange oeeuiTcd 
Wlien milk sums, some ol I he sugai in the 
milk IS eon\ cited into an acid, and the piop- 
Cl lies and ciwi/um/iea ol the acid are quite 
diffeient fioni those ol the .sugar lion rust 
dilleis m nuLiiv wajs irom non: it contains 
o.\ygen as well as iron and is, theiefore, a 


different substance Charcoal, a black solid 
composed almost entirely of carbon, burns in 
the air to form an invisible gas, which is 
composed of both carbon and oxygen There 
is no solid residue, unless the charcoal con- 
tains non-combustible mateiials as impuri- 
ties. In all these transformations there is a 
definite and radical change in the propeities 
and comjiosition of the substances involved. 

Chemical changes aie accompanied by citliei 
the ahboiption or the liheiation of energy m 
some form, usually heat Not all changes involv- 
ing eneigy, however, are chemical The changes 
of watei into icc and of watei into steam are 
physical in character, yet eneigy plays an im- 
limtant jiait m each of these Eneigy is required 
to hieak a splinter of wood into smaller pieces. 
In the foim of heat it is employed in heating a 
platinum wne to rednesr Borne cnoigy is le- 
qtuicd, too, to sepal ate the pai tides of sugai 
when this substance dissolves to fonii a mixture 
with watoi 

Tlio energy changes that accompany chemical 
(■liange.s of matter aie usually moie profound, 
liowevor, than those winch accompany physical 
changes Thus, the heat liberateil when two 
grams of hydrogen burn to toim 18 g of waTi is 
siillioient to melt 93 g of ice, raise the teinpeia- 
tuui of the 93 g of watci to 100° Cl , and change it 
into steam l.ight as well as boat is ofton hhot- 
ated m chemical changes Thus when mng- 
iK'sium bums, the metal changes into a white 
powdci called niagnesniin oxide This change is 
accompanied by a veiy brilliant light and the 
lilieiation of consideiable heat Such effects do 
not attend ordinal y physical changes of mattei 

Review Exercises 

1 Distinguish hotween the specific physical 
[iiopcities of a siihstanco and the (.oiiditions, 
Ol attiihutos, of the sulistancc Use dolnutc 
examples 

2 Ilow IS a (pine) substance dilTciciit fioin a 
mixtuic? 

3 How could you show that a solution of sugai 
ill watei is a mixtui e and not a sulistance’ 

4 How could you show that “tap” watei is 
not puie watei? 

5 Wliat aie some of the physical piopertics of 
gold? oi salt? of water? 
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6. How is a chemical change different from a 
physical change? 

7. Undei what conditions can the weights of two 
objects be regarded as true measures of their 
relative masses? 

8. Why are ice, water, and water vapor not clas- 
sified as three different kinds of matter — 
as three substances? 

9. A solution of sugar m water may be homo- 
geneous. Why can it not be classified as a 
substance? 

10. Explain the following statement. The weight 
of a bar of iron is ten kilogiams What, if 
any, information does this statement give 
conceinmg the mass of the bar? 

11 Describe a situation in which potential cneigy 
is converted into kinetic eiieigy Describe 
anotiiei situation in which kinetic energy is 
converted into potential eneigy 

12 Wliy are different quantities of heat liberated 
when equal weights of different kinds of coal 
are burned? 

13 Give at least two reasons why each of the 
Mowing must be classified as a mixture: 
mk, soda water, soil 

14. Are the following changes physical oi chemi- 
cal? The melting of ice, the rusting of iron; 
the conversion of cider into vinegar; the 
decay of wood, production of butter fiom 
cream; the boiling of water 

15 How are the meter, centimeter, and milli- 
metei related? 

16, Convert 225 centimeters to feet; 100 yards to 
meters, 2 miles to centimeters 

17. What is the basis of the liter as the umt of 
volume? 


18 Convert 10 gallons to liters; 10 quarts to mil- 
liliters, and 50 milliliters to pints 

19 Convert your own weight into kilogiains. 

20 State the units which the following abbievia- 
tions represent cm., g , kg., 0°, 1., ml., mm , 
m, cc 

21. The density of copper is 8 92. Calculate the 
weight in giams of a bai of coppoi 5 in, X 3 in 
X 10 in What is the weight of the same bai 
m pounds? 

22. What is the volume (in cc.) of a bar of gold 
weigiiing 5 pounds? 

23. The liter-density of air is 1.29, What is 
the weight m giams of a cubic foot of an? 

24 Conveit the following tompciatuiea in the 
Fahienlieit scale to the conespontlmg C'eiiti- 
gtade readings 42“, 98 6“, 210®, -10®. Coii- 
veit the tollnwiiig Cciiligiade loailings to 
the eonesponding Eahiciilioit lOiuluigh 0®, 
-20°, 100®, 58“ 
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KINDS OF SUBSTANCES AND 
THEIR CHEMICAL CHANGES 

7 mean by elements certain primitive and 
simple, or perfectly unmingled bodies. 

HOKBET BOYLE 


1. Infroduclion 

In ihiK cliii,i)ter shall loam tlial, auh- 
sUnccs arc olasMfiod as compoiiuds and de- 
ments, and dial llio lallor may 1)0 subdivided 
into metals and utm-mrials Wo shall also lie 
conc'ouiod with some ol tlio dilToiout kinds of 
clioniical chiuigos hy whioli substances uie 
pioducc'd Iroiu other substances. Laslly, 
we shall h(.ud\ one or two e\aiu[)les ol 
methods used in tlie lalioialoiy to di’lernunc 
the udative weiKhls of elements that com- 
bine to foun eomimunds 

2. Compounds 

Most suhstances are complex m eomposi- 
tion and can he ihs'omposed to form two or 
moic simplei sulistance.s Sometimes, the 
simple suhstances lesulting from the decom- 
position can lie made to eomhinc again, 
iindci other eoiidilions, to fonn the oiiginal 
complex sulislaiice 'This is not alway.s jios- 
sible, honexi'r, and some complex suhs|.anees 
areiiiore easily pioduced by the eomlimation 
of simiile substances otlu'i tlum tliose into 
winch they aie decomposeil 

Decomiiosilioii is elTected by the applica- 
tion of heal, exiiosure to light, the pius.sage 
of an elecirie euiieiil, and hy other apiiliea- 
tions oi eneigv m dilfeient. fonns Tliu.s 
water which eonlains a little acid to make it 
a conductor of llu' ehsdiie cuiient is dceoin- 
po.sed into hvdiogmi and oxygen by clec- 
tiicity The silver bromide m a photographic 
film IS decomposed by exposure to light. 


When mercuric oxide, a substance bearing 
the same relation to mercury that iron rust 
bears to iron, i.s heated in a test tube, diops 
of mercury collect m the upper portions of 
llic tube. Tlic second substance produced by 
this decomposition is oxygen, an invisible 
gas Tins gas can be detected by holding a 
glowing sphntei ol wood m the upjiei part 
ol the test tube while the jiowdei is heated, 
loi the o.xygen causes the glowing wood to 
burnt into flame 

Water, silver bromide, and mercuiic oxide 
can be pioduced directly by the combination 
of the same substances which they fonn when 
they decompose Thus a mixture of hydro- 
gen and oxygen oxplode.s when ignited, and 
jiroducoH water, silver and bromine combine 
to fonn .Sliver biomido, and mercuiy, when 
heated in the air, is conveited into the red 
powder, mercuiic oxide Potassium chlorate 
IS somewhat different When heateef, tins 
substance liberates oxygen and forms a 
liciuid, xvhich changes to a white solid a.s it 
cools, this icsidue is potassium chloudc 
The two products of i.he decomposition (oxy- 
gen and potassium cliloiide) will not eomlnnc 
again to fonn potassium chlorate If we 
wish to produce this substance, we must 
start with other materials 

8ul)stances that can he decomposed into, oi 
which can be pi oduced by the combination of, 
simpler substances are called compounds The 
comlnnation by which they are produced and 
their decomposition are kmds of chemical 
change. 


kinds of substances and their chemical changes 

their place one piimorclial kind of matter, 
i. , to which were added in dilTorent Huhwtances 

fZ'Z ZZl OBI- certain qualiiioa, such lus hotno.s, eoldiioKS, 
compounds, and they wetnms, and dryness, hire, for example, 
by the combination was this primoidial fom of matter plus the 
in ordinary chemical essences, or qualities, of hotne.H and rlryness, 
tances aie ehmmis while watei contained the e.sseiiee.s of cold- 

ness and wetness Iho (pialities posseased 
Greek Philosophers by a substance were not IhouRlit of by the 

ihers who lived duiing Greeks as real and mat ('rial in character, 
ding the Christian Era but they came to he eoiisideu'd in tlml, way, 
les were composed of many yearn later, liy the ali’liemis ( s J luring 
elements Thales be- the eaily centuiie.s of the Chnstian Kia and 
as the only element m the Middle Ages these (lualilie.s were 
d in the fifth century looked upon as having a physical exist ('nee; 
ahers of ancient Greece and hence, it was though! that tlmy could 
iatfire, air, eaith, and be added to and .subtracted Iroiii dilTcKuit 
is The reasomng that substances. If the qualities associated with 
h conclusions may be pnmordial matter in one .suli.stauee i\(‘re h*. 
iwing example Wood moved and those of soiiu' other siihslauce 
I, smoke (air), water, were added, it should be possilik* to eluuige, 
;e, wood must be coin- one substance into another Aeeoi'ding tii 
,er, and earth Upon this view, it sliould Ix' as eas_r to change one 
hat occurs when ordi- element into another us i! is to change a 
LOt pure, IS allowed to compound into its constituent elemeiils 


3, Etemenfs 

There are some substances, however-, that 
cannot be decomposed by the methods em- 
ployed to decompose compounds, and they 
caimot be produced by the combmation 
of other substances in ordinary chemical 
changes These substances aie elemenis 

4. The Elements of the Greek Philosophers 

The Gieek philosophers who lived duiing 

the SIX centuries preceding the Christian Era 
believed that all bodies were coinposed of 
one, or at most four, elements 1 hales be- 
lieved that water was the only element 
Empedocles, who hved in the fifth century 
B c , and other philosophers of ancient Greece 
were of the opinion that fire, air, eaith, and 
watei were the elements The reasomng that 
led the Greeks to such conclusions may be 
illustrated by the following example Wood 
burns to produce fiie, smoke (air), water, 
and ash (earth) Hence, wood must be com- 
posed of ail, fire, water, and earth Upon 
observing the change that occurs when ordi- 
nary water, which is not pure, is allowed to 
stand in an open vessel, someone might have 
concluded that water “changes into an-” 
and leaves a residue of “eaith ” This con- 
clusion would have led to the opinion that 
water must be composed of earth and air 
and therefore is not an element 

Aristotle discaided the four elements (an, 
fire, earth, and water) and substituted in 


5 Alchemy and the Transmutation of the Ele- 
ments 

Although offoits to tnuLsTuulu tho .suh- 
.stances we now H'coguizr' us oli'incntu were 
unsuccassful, tins idea was tlu* lu'uieiixd oli- 
jective of the alchcim.sts Tlu'u ( liief con- 
cern appears to have Ix'eii the dasiie to 



FIbuh 5 Symbol! U««d by tho Alchetniali 
These represent ffrom left to rlght)i 
Top — fire, oir, sulfur, gold, antimony, 

Middle — line, copper. Iron, bismuth, mercury, 
Bottom — silver, arsenic, nickel, lead, water 
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Figure 6 Apparotus Used by the Alchemists 

(11 Pelican, (2) vessel for mixing; (3) Hell, (4) flat-bottomed 
matrassj (5) twins, 6) matrass, (7) alembic In one piece; (8) philos- 
opher's egg; (9) egg withm an egg; (10) small matrass, (11) sepa- 
ration glass; (12) blind alembic, (13) recipient, (14) glass fynnel; 
(15) retort; (Id) cucurbit, (17) straw mat 


chiiUKc (lie hiis(' nu'liils, siu'li ii> Icml, mlo 
(>,()1(J I'lii'i clwuiKc apiK'aTcd to lie wiUim the 
liiiini’ ol posHiliililK's, sinco (lu'v Ix'iuivod I, hat 
lijolil dillt'ii'd lioin lead oulv lu possesKiuf!; a 
lew dil'lViciil. pidiK'rl.u'h and tlial Uio pi()i)cr- 
iK's (if lead ('(Uild 1)(‘ ('xiraclad and H'pl.icod 
liv those ol ftold 'I’liey inadi'inuuy altcmpLa 
io find a mynUnums sonudJiia^ known as tlw 
“plulosopliei’s sliotie ” This slotie, piol)al)lv 
liy soiiio iiiafj;i('iil means, was snp[)i)M'(l to 
biiugidioiiL t,lu’ desiied t.iansfi'iences oi jnojv 
erlu" and Ihus enable I be aliduamst U) tiaiis- 
lonn one subslauee ui(o auoUie.r al will 
Alcheinv lluaved dm nip; the eaily and 
middle ( 'hiislian ap;es Its idcais (■onslit.nl(>d 
Uu' only chemistry known unLil the boKui- 
nmp, nl the sexeiileenth centiuy and iqi- 
pearecl now mid (lieu duimt!; the eifthleenth 
and imieleeiilli cenlmies, Alehemy eon- 
si, sled, loi Ihemosl pail, of allem])ts lo piae- 
lire magic, cliaimh, and varioUh kinds of 
fuuuLs ll lhriv(‘d ui an aliimsiiheie ol 
siitiei'slilioii, inystiei.sin, and beliel.s m the 
suiiemaluial Alchemy was not a .science it 
was not based on facts, and it persisted as a 
blind belief and a magician’s art even when 
exjKjumeutal losulta failed to justify it It 
IS .stiange, indeed, that faaluie after failure 


did not convince at loa.st some of the alchom- 
i.st.s of the inadequacy and error of their ideas 
and did not encourage them to seek more 
satisfacioiy explanations of then ob&eiva- 
tions 

6 Robert Boyle and His Concept of Elements 
'J'hc H(<',plic,al Chynnsl (Kihl), by Robert 
B()yl(>, la ought about a uulical change in 
scientific thought ('onceinmg the natuve and 
composition of matt,er Boyle suggested 
that elements are dofimie forms of mattei 
that cannot be decomposed and cannot be 
tianslormed into othei substances, as the al- 
chemists thought,, by transfers ol essences 
He showed that propcitio.s ,scivc only to de- 
sciihe suhstiuiccs and have no matciiiil e\- 
ish'iicc Il(' also piovided the basis ioi the 
distinction ol elements fiom compoumls He 
showed that to lie rcgaided as elements, sul)- 
, stances must K'sist all attempts to decompose 
them into or produce them iiom simpler ones 
The substances that met this te.st could not 
be deteimmed accurately in hi.s day Realiz- 
ing that this was the case, Boyle insisted that 
sub, stances be called elements only so long 
as they fully met the specifications he had 
set He thus left the way clear foi future in- 
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vestigations to correct and add to the list of 
elements Boyle also showed that com- 
pounds are made by the combinations of 
diffeient elements Until the publication of 
his book, Aristotle’s philosophy had domi- 
nated “scientific” thought, although it was 
not always interpreted and used as Aristotle 
had meant it to be Long after 1661, the 
ideas and pnnciples advanced by Boyle weie 
not umvei-sally accepted, and it was not until 
late in the eighteenth century (1789) that a 
list of substances generally lecognized as ele- 
ments could be compiled The recognition 
of these elements was largely the result of the 
work and writmg of Lavoisiei The list of 
elements, even at the close of the eighteenth 
century, sometimes included “substances” 
such as fire and an as elements along ivith 
lead, iron, and other forms of matter 

7. Changes in the Concept of the Elements 
It was once thought that the elements were 
quite stable and that they represented the 
simplest forms of mattei We know now, 
however, that elements can be decomposed 
under certain conditions — conditions that 
do not usually prevail in the laboi atory or m 
nature There is evidence, for example, that 
the heaviest elements, such as gold, silver, 
lead, and platmum — and even much lighter 
ones — are not stable in certam poitions of 
the universe, as, foi example, in the outer 
portion of the sun, where if they did exist 
they would be exposed to very high tempera- 
tures Within the sun, wheie the tempera- 
ture is extremely high, even the lightest ele- 
ments are probably unstable, and matter 
exists only m much simpler forms, such as 
elections, neutrons, and protons (page 50) 
These simplest forms of matter appear to be 
the ultimate forms from which all substances 
aie built up m nature 
Further evidence that the elements are not 
to be regarded as absolutely peimanent sub- 
stances IS found in the behavior of ceitain 
elements in the crust of our own earth These 
elements, which are said to be mdtoachve de- 
compose spontaneously Uranium, for in- 


stance, is the first member of a long series of 
radioactive elements, which change from one 
member of the series to the next by disinte- 
gration, liberating at the same tune eithei a 
second element called helium or mattei nega- 
tively charged and consisting of electrons 
Radioactivity is not affected in any way by 
the conditions of the surioundings, such as 
temperature It Ls not within our powei, 
therefore, to speed up or slow down the rate 
of the disintegiation In ordinaiy physical 
and chemical changes, these elements aio not 
affected to any gieater extent by changes in 
conditions than the non-radioactive ele- 
ments, such as iron Fin thermore, it is not 
possible to make them by ordinaiy chemical 
changes, such as those employed to make 
compounds by the combination of simjilcr 
substances They are, conscciuently, still re- 
garded as elements, although then decom- 
position is a well-established fact 
Rutherfoid, as early as 1919, showed that 
some elements that aie not ladioactivo can 
be decomposed if they aic subjecled to bom- 
bardment by particles ejected with high ve- 
locities during the disintegiation of coitain 
radioactive elements Undei this bombaul- 
ment, certain elements, such as aluuuuum, 
disintegrate to form simpler substances in a 
manner similar to the disintegration of the 
radioactive elements Duuiig leient years, 
other investigatois have succeeded in disin- 
tegrating many elements by similar metliods 
This subject will be discussed later (pages 
35-36) 

The effect of these and otliei discoveries 
concerning the nature and beluivior ol mat- 
ter has been to modify somewhat mu con- 
ception of tlie eleraonis We do not bchcv'c, 
as we once did, that elements are tlic ultunalv 
forms of matter and that they ciinnot bi' 
changed by decomposition into simjiler 
forms, instead, we recognize that they arc 
complex in stnictuie and are composed of 
sunplei foims Oui fundamental conception 
of the elements as distinguished fioin com- 
pounds, however, is not alteied Elements 
are not decomposed by chemical changes, 
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such as coiiibuKiioii, or by any of the methods 
commonly usod to docoinpose compounds; 
also, they cannot bo produced m ordinaiy 
chemical chaiiRcs bv the combmalion of 
other substances They must still lie r('- 
garcled, thoicforo, as the simjilc kinds of mat- 
ter from which compounds are formed in 
natuie and in tlie laboiatory 

8. Number and Abundance of the Elements 

We now have definite knowledge of the ev 
istencc of 91) elenieiils Of these all but siv 
or seven occui ('ilhci as liee clemenis oi in 
compounds in the earth’s cuist A few of 
the heaviest aie kiiovn otdy as substances 
produced in the' laboiatory from othei ele- 
ments. Thcstoij ol the .seal ch lor new ele- 
ments stietches across s('veiid e(>ntuiu's of 
experimental chemistry and extends to the 
present, day 

Only a few ol (.he siibsl.iuiees we now know 
to he elcnients, twi'lve to Ik' exact, weie 
known in Killt), a dati' w Inch pi ('cedei I Jiov le’s 
dofiuitioii of an element l)v tliiity yearn 
These twelve eleiiieiits wei(> xuic, antimony, 
silver, till, sulfur, gold, bisiiiiith, lead, coii- 
por, iioii, meicurv, and carbon Htrangely 
enough, oiilv two ot l.licsi' are among the 
twelve most abundant, elenu'iits toiiiul iii the 
earth's crust, winch meludes the oiitei imi- 
tioii ol tlie eaitli, the sc'as, and the at- 
mospheie 

TABLE 1 


Composition of the Eaith's Crust 


Elomenl 

Percentage 

Oxygen 

50 02 

silicon 

25 7 

Aluminum 

7 3 

Iron 

4.2 

Calcium 

3 2 

Sodium 

24 

Polossium 

2 3 

Magnesium 

2 2 

Hydrogen 

0 95 

Titanium 

0 43 

Chlorine 

0 21 

Carbon 

0 19 

Other elements 

0 90 



Figure 7 The Occurrence of the Elements In the 
Earth's Crust 


htaiiy ot the lesh alnindant elerncuts eccui heie 
and thc'io on oi m the eaitli as concctitiated de- 
posit'- of the elements Ol, moio fieuiieiiLly, of then 
coiuiioiuids Ctaihoii, foi example, i& not widely 
(listiil)utcd tliionghmit tlic eiiist of the caith, 
hut it appeals in limosLoiu’ and coal, m pcti oleum, 
ami m the stuietiiics oi plants and animals Al- 
lliough it i.s actually a very small pai t of the com- 
position of the wliiile eaith, caihon is a vciy 
cmiuiioii elemenl m oui lives, because we luo 
on the sui'laco wlioie it is abundant 

9 Symbols of the Elements and Names of 
Simple Compounds 

A complete list of the elements as we now 
know them is given on the inside of the iiont 
(over ol lliih book Heie, too, wull be loimd 
the .symbols oi the elements These are the 
ahbieviations ol the Jhighsh, Latin, or Ger- 
iniin names The names of eornimimds aio 
derived usually from the names ol tlie eon- 
stitiieiil. elements The name of a compound 
coiitanimg two clcnients mcliidcs the name 
ol Olio of the elements, usu.dly the luoie mc- 
lalhc one, and a wind built upon one oi 
moie syllalilos of the name ol the .second ele- 
ment and ending m -idc Thus, eoniiiounds oi 
oxygen wil.h othei elements arc ealletl ondeb, 
of cliloiine, rhli))ules, and of nitiogon, m- 
The metal magnesium, foi example, 
foiins magnesium oxide, chloiide, and ni- 
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tride by direct combmation with these 
three elements. 

METALLIC AND NON-METALLIC ELEMENTS 

At this time we cannotj of coui-se, present 
the whole stoiy of the elements If tins were 
possible, our book could end with this chap- 
ter But we shall find some knowledge of the 
different lands of elements very helpful in 
the immediately succeeding chapters, m 
which we attempt to show how some of the 
fundamental concepts of chemistiy have 
been formulated Naturally, these princi- 
ples and theories were arrived at by experi- 
ments, in which elements and their com- 
pounds were used To follow this discussion 
intelligently we must learn, first, something 
about the substances which were used in the 
experimental investigations 

The student is aheady famihar with sev- 
eral of these substances, although it is not 
likely that he has thought of them as ele- 
ments He knows something of gold, iron, 
tm, lead, copper, iodine, aluminum, silver, 
sulfur, oxygen, mercury, and mckel To 
many students, no doubt, the names ol mtro- 
gen, zinc, platmum, chromium, radium, car- 
bon, chloune, hydrogen, and tungsten con- 
vey defimte impressions of the substances 
which they represent Many other elements, 
however, are strangem to most of us 

For convenience, let us classify the ele- 
ments as metals and non-metals The dis- 
tinction between these two groups depends 
upon the chemical properties of the elements, 
and especially upon the properties of the 
compounds that the elements form with oxy- 
gen There aie, moreover, some similarities 
in the physical properties of the metals, the 
non-metals also have some physical similari- 
ties, although they differ moie widely in this 
1 cspect than do the metals At this time, we 
shall discuss some of the general character- 
istics ot each gioup. 

10. The Metals 

The metallic elements include gold, silver, 
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copper, mercury, iron, nickel, zinc, tin, lead, 
aluminum, and others less well known 
Metals with which the student is not likely 
to be familiar include lithium, potassium, 
sodium, bismuth, antimony, magnesium, 
barium, calcium, cadmium, manganese, chro- 
mium, cesium, cobalt, indium, osmium, pal- 
ladium, molybdenum, strontium, and several 
others 

These elements are usually solids, although 
mercury is a liquid at ordinary temperatures. 
They possess luster when m a compact form, 
but when finely divided may lose then luster 
and become black Most metals are white, 
but gold and copper are yellow and red, re- 
spectively Although most metals can be 
beaten or rolled into sheets, a few are too 
brittle Most are denser than water, although 
lithium, the lightest metal, is only about one 
half as heavy as water The melting points 
of metals range from -39° C (for mei cury) 
to temperatiiies in excess of 3000° C Tung- 
sten melts at 3370° C Some can be vapor- 
ized at moderate temperatures, the boiling 
point of meicury, foi example, is 367°, po- 
tassium, 760°, and sodium 880° As a rule 
metals are good conductors of electricity, 
but the degree of conductivity vanes with 
different metals Copper, lor example, con- 
ducts much bettei than iron The metals 
are also good conductors of heat 
Chemically the metallic elements show 
little tendency to combine with one another 
They combme more readily with elements 
which are not metals, thus they combine, 
usually directly, with oxygen to form oxides, 
with chlorine to foim chloiidcs, and with 
sulfui to form sulfides The metals diffcr 
gieatly, however, m the activity they display 
in combining with the nou-metallic elemenis 
Litluum, sodium, potassium, rubidium, ce- 
sium, and calcium are very active metals 
(An element is consideied active if it com- 
bmes at ordinary oi moderately elevated 
tempeiatuies with certain other elements 
winch themselves are at least fairly active ) 
Hie active metals aie not found in nature 
in their free states, because theie are too 
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many opporlimitiOH foi- thorn to oonTbine 
with oxygen and with other non-inetallie elo- 
ments With few exei'iitions, all the metals- 
named thna fai oeeur luitunillv only in com- 
pounds, Rueh as oxifles, .sulfides, and chlo- 
ride.s Iron, foi example, is found not in a 
free state but eliu'fly in ore.s that contain an 
oxide of iron 'Hie pure metal is juTiduced 
when the oxvgen of th(' oxide is eaiised to 
combine with other elements, such as eaibon, 
thus freeing the iron If e.x’i)0.sed to the at- 
mosphere for some, time, the fmie iron 
changes back l.o tlii' oxide, we sax- that it 
ruste or coirodes A few metals arc found 
m tlie free, oi native, state Their activity 
is so slight that Ihev exist, for ages, exposed 
to substances in Ihe eaith or in the at- 
mosphere, without undi'i going ehi'mieal 
change. The most familial of (he slightly 
active metals ari' gold, silver, iilatinum, and 
copper. All of these oecui in then native 
state and also in eertuiii oies lus coinpouiids. 

11. The Non-Metals 

Some of the iioii-nu'talhe elonieiits are 
solids, and some of (hem, such us iodine, 
possess a luster that gives them a slight re- 
semblance to the metals Boron, wlicon, 
phosplioniH, eiuboii, selenium, sullur, and 
tellurium arc sohds under oidmary eoiidi- 
tions Bromine is a Iniuul at ordinary tem- 
peratuic. Oxygon, nitrogen, fluorine, and 
chlorine aie gases Ilehiim, neon, aigoii, 
krypton, and xenon aie also gaseous non- 
metallio elements; they aie eliaructenzed by 
chemical inactivity and are called, tlieicfoie, 
the inert gases 

Some ol tlie noii-iiietals combine readily 
with one, another. Thus, oxygen eombmes 
with earbon, sulfui, and iihosiiiioius, when 
these elemoiits bum (llilorine, nitrogen, 
carbon, fluorine, sullur, bromine, and iodine 
arc also found in comiiounds with other non- 
metals Thus, we may have a caibide of sili- 
con, a sulfide of phosphorus, a chloiide of 
carbon, and so on. On the whole, however, 
the non-metals combine more readily with 
the metals than with one another. These 


combinations result in the formation of 
chlorides, lodide.s, bromides, nitiidea, cai- 
bides, and fluorides of the metals The most 
active of the non-metals is fluoiine, which 
combines readily with almost all other ele- 
nionte. 

Some elements not only have the appear- 
ance of metals but also act as metals in 
cliernical changes in which they paiticifiato, 
i 0 , they may fonn compounds similar to 
those fonned by metals But to a ccitain 
extent, the.se same elements also re,semble 
the non-metals, especially m their com- 
pounds with oxygen or with oxygen and hy- 
drogen Aluminum, antimony, tin, and lead 
aic elements of this kind It is sometimes 
difficult to detei-niine whether such elements 
.should be classified, from a chemical point 
ol view, as metals or as non-metals, Iroiii tlu' 
phy.sical point ol view, however, they belong 
without question among the metals. 

COMPOUNDS AND MIXTURES 

12. Properties of Compounds and Mixtures 
Compared 

Careful distinction .should be made be- 
tween mixtures of elements and eoinpaunds ol 
the same elements When elcinciits fonn 
compounds, the imipoitics of the elements 
arc lost Since a different substance is 
toimcd, the properties of a compound aie en- 
tiicly dilfeient from those ol the elements 
from which it is made Two gases, hydrogen 
and oxygen, combine to fonn watei, a liquid 
Cliluime, a poisonous, greenish-yellow gtus, 
and sodium, a soft and veiy active metal, 
combine to form a white cry.stalline solid 
called sodium chloride, or salt, which is not 
lioisonoiis, as oidinaiily used, and has none 
ol the marked activity of sodium Ciubon, 
a black solid and sulfur, a yellow solid, com- 
bine to foi-m carbon disulfide, a coloiTe.ss and 
very volatile liquid. 

Elements or compounds can be mixed with 
other substances without the occurrence of 
chemical changes. Thus, hydrogen and oxy- 
gen can be mixed without forming water. 
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unless the nuxtuie is exploded by a flame or 
a spark Iron and sulfur, elements possess- 
ing very different properties, can be finely 
divided and mixed without losing their iden- 
tity as separate substances Prom the mix- 
ture, the two kinds of particles can be 
picked out and sepaiated with the help of a 
lens, the iron particles alone can be removed 
by means of a magnet, or the sulfur can be 
separated from the iron by adding a liquid, 
such as carbon disulfide, in wbch sulfui dis- 
solves but iron does not On the other hand, 
if a mixture containing definite amounts of 
iron and sulfur is heated for some tune, 
theie is formed a new substance — called 
ferrous sulfide — which is not attracted by a 
magnet, cannot be separated into two kinds 
of paiticles, and does not dissolve in carbon 
disulfide 

13 The Composition of Compounds and Mix- 
tures 

As we have shown above, the constituents 
of compounds lose their identities when the 
compounds are produced, whereas the com- 
ponents of mixtures remain unchanged 
Compounds are also distinguished from mix- 
tures by their definite compositions A mix- 
ture of iron and sulfur granules can have any 
composition, that is, the granules can be 
mixed in any proportion But in the ferrous 
sulfide produced when the two constituent 
elements aie heated, the ratio of the weights 
of iron and sulfur is always the same, 1 745 g 
of iron for each gram of sulfui Common 
table salt, sodium chloiide, likewise has a 
definite composition; it always contains 39 3 
per cent of sodium and 60 7 pci cent of 
chlorine, regardless of its source Wliether 
taken from the ocean, from Gieat Salt Lake, 
from the Dead Sea, fiom a deposit deep down 
in the earth, or fiom a laboiatoiy prepaia- 
tion, salt always has the same composition. 
Similaily, the oxide of magnesium always 
contains 60 3 pei cent of magnesium 
A compound always contains the same ele- 
ments, and the ratio by weight in which these 
elements are combined in that comvound is 
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always the same This law, which is called 
the Law of Definite Comiio.sitioii, is one of 
the most fundamental of all the laws of 
chemistry. By its constant comjiosition, as 
well as by othei propeiLie.s, a compound can 
be distinguished iiom a inixtuio wdicn ihc 
same substances- - iron and .sulfur, for ex- 
ample — aie involved In like niauuer, one 
compound can be distingiu.slied lioni an- 
other, although we shall learn later that .some 
compounds, although having the same com- 
position with lespect to tlio peiceutagc's of 
then constituent clemeut.s, yet differ m the 
manner in which the elements are combined, 
the difference is one of structiiie lathei than 
of the kinds oi quantities ol the elements 
Such compounds, of cour.se, have diifezenl, 
propeities, and by these they may bo iden- 
tified. 

14 The Chemical Energy of Compounds 
It has already been stated (page 17) that 
every chemical change is accom])amed by the 
liberation oi absor])iion of energy The 
quantity of energy involved in the cluingc 
depends, of course, upon the total mass that 
paiticipates in the change, but jinmauly it 
depends upon the substances ])iodnc.ed and 
the substance or substances from which thc.se 
new substances are pioduecul It al.so de- 
pends, to a lesser extent, upon the ti'mpoia- 
tuie at which the change occuis For a 
constant tempeiaturc, at least, vve may 
therefore say that eveiy substance posaoH.se.s 
a chaiaeteiistic and defimto r{uantity oi 
cheimcal energy pci unit of mass Tim 
quantity cannot liemeasuicd (page 14), but 
we aie roa.sonably certain that the .sfal.c'inent 
is tiue, because the same quanlitv ol cncigv, 
under coastant conditions, w alvvay.s .siU. lu>(' 
oi absorbed wlieii a definite weiglit ol any 
one substance is oliaiiged into a given new 
substance This statement applies to all 
kmds of chemical changc-s, t,uch a.s the com- 
bination ol Clements to form compounds oi 
the decomposition of the compouiids to foim 
the elements 

One final item must be added to the list 
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of diffoi'oiicLW botwocn (‘oiupoimcLs and mix- 
Uires. Tlio clKunical (‘[K*rp:v ol a compound 
IH not the Haiue ah (lie hiiiu of the chomical 
onei'KicH of the elenieiit.s of w Inch it is com- 
pohod On t,he otlier hand, the total (diemi- 
cal eneigy ot a mixture is eipuil to the sum 
of the eneigies ol its paits 

We may now simmiaiize the' dilTeieiiccs 
between a eom])omid and a luixt.uio (made 
from the same subslances) as follows: 

(L) A compound can lie separated into lUs 
consl-itiK'iit pails only by means of a 
chomieal change, wheieas the, parts of 
a mixtuie can lie sepmated without a 
chemical change 

( 2 ) A conipoiind has one set ot piopeities, 
hill each sulistam (> m a mixture retains 
its own ])iopeilies 

( 3 ) A comiiouiid has a definite composition 
and, at eonslaiit lemiieratiire, a defi- 
iiile tpiaiildy ol chemical energy per 
unit ol mass 'I’ln' chemical energy of 
a compound dll I cm liom the sum ol the 
etuu’gu's ol the elements that, compose 
it, although, ol coiiise, its weight ls 
equal to the, sum ol Ihe weights of the 
elenienis fiom which il is made. 
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The (diemisl usii.dlv sp(>alvs ot a chemical 
change ;us a iriulmn Suhstiuices lhat aie 
changcil mio 01110171 aie calleil inirlaiils and 
are .said to i((irl with one aiiolhci The suli- 
.stances foimcd m Ihe leai lion au' called the 
piodiKi.s e sli.all descube four lipes ol 
icactious, almost c\ci,\ leactiou that, we, 
shall slud\ l.'ilei can be classified ;us belong- 
ing to one ol these Imti t\ pus 

15 Combination 

Many coinpoimds aic piodiiced by the 
direct eonibuiatioii of elenienis lion and 
siilliu coiiilmic to loriii Iciroiis sulfide, mag- 
nesium, will'll It bums, combines with oxy- 
gen Ironi the an to loim iiiagiiesium oxide, 
aniLxtuie ot hydiogen and oxygen, when ex- 


ploded, forms the compound we know as 
watei 

Compounds aie also pioduced by the com- 
bination of one compound with an element or 
with another compound. For example, 
qiiicklmie, which is the oxide of calcium, le- 
acts with watci to form “slaked lime,” or 
calcium hyclioxide Puic cupric sultate, 
which Ls a white solid, coml)me.s with water 
to form a blue .substance called hydiaLed 
cupiic sullate, or blue vitiiol, which is the 
ordinaiy form of this .sub.stanee Caiboii 
monoxide can combine with additional oxy- 
gi'ii to form carbon dioxide, m winch the 
weight of oxygen pei giam ol carbon is twice 
as gicat a.s it is m the monoxide 

16 Decomposition 

When heated 01 when acted upon by other 
till ms of energy, many compounds can be dc- 
compo.sod into simpler comp(mnd.s or into 
their constituent elements Thus, meicuiic 
oxide, a eomiiound ol meicuiy and oxygen, 
evolves oxygen (a gas) when hoat.cd in a tost 
tube, at the same time, diojilcLs of meicuiy 
collect upon the walls m the middle and 
uppci iioitmn.s of the tube The decomposi- 
tion ol ccitain silvei compounds, when they 
an* ('xposed to light, is the basis ol photog- 
rapliy ('omi)ounds that decompose rapidly, 
such as nitroglyeciine, aie used as explo.sives 
When Hugai is heated, watei is piodueed and 
evolved m t he foiin of .steam, and a ehauod 
mass containing carbon, 01 sugai cliaicoal, i.s 
left liehiiid Wlien an electrie cuiicnfc is 
jiaascd thioiigh waU'i' coiitaiiiiiig a little sul- 
fuiie acid, the watei is decomposed to libci- 
atc two gasi's, hydiogen and oxygen De- 
coiitpoNilion, the name given to this type ot 
chcimcal cliaiigo, is the i)|)posite ol combina- 
tion However, a substance does not always 
(l('('oiupo.sc to give its const it, uc'iit ck'iuents 
Instead ot the elements, sinqile compounds 
ol llic elements may result Thus, when 
limestone is heated, it decomposes to foim 
an oxide ol calcium, called lime, and an oxido 
of caibon, instead of calcium, oxygen, and 
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carbon, the three elements of which lime- 
stone IS composed. 

17 Replacement 

Tills IS a type of chemical change in which 
one substance displaces another from its 
compounds. Thus, a piece of iron which is 
placed m a solution containing a chloride of 
copper goes into solution, forming ferrous 
chloride, and the copper is thrown out of 
the solution as the metal If chlorine is 
passed into a solution of sodium iodide (a 
compound formed by the combination of 
sodium and iodine), iodine is liberated, and 
when the solution is concentrated by evap- 
orating the water, crystals of sodium chloride 
(common salt) are obtained 

18 Double Decomposition or Exchange 

Some compounds, when brought together, 

change into different substances by a process 
(or reaction) called double decomposition 
This variety of chemical change is also le- 
ferred to as metathesis and, sometimes, as an 
exchange reaction The latter term is ap- 
propriate, because in a reaction of this kind 
the parts of two compounds trade or ex- 
change places 

The exchange reaction usually occuis m 
solutions Silver nitiate and sodium chlo- 
iide, when placed in the same solution, foim 
sodium nitrate and silver chloiide by double 
decomposition or exchange 

Silver nitrate + Sodium chloride — »- 

Sodium nitrate -|- Silvei chloride 

The silver ehloude is not veiy soluble in 
water; hence, the quantity formed in excess 
of that which will dissolve (this amount is 
only 0 OOOie g in 100 ml of water at 18° C ) 
IS thrown out of solution We say that silver 
chloride, or any other substance which is re- 
moved from a solution m tins mannei, is 
precifilated The sodium nitrate that is 
formed at the same time remams in solution 
since It is readily soluble The solid silver 
chloiide is lemoved by filtering the mixture 
through a sheet of filter papez After the 
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filtrale has been evaporated to remove most 
of the water, crystals of sodiuia nitrate form 
as the solution cools 

The chemical change.s in which a sub- 
stance can take part also called the 
chemical reactions of the .siibstauce are 
among its most important chemical proiicr- 
ties The ability of magnc.siiim to comhiiie 
with oxygen, of chlorine to K'place iodine, 
of iron to replace copper, and the toiuh'ncy 
of mercuric oxide to dGe'ompo,so upon heat- 
ing, aie important chcimeal properties of 
these substances 

STUDIES OF TWO REACTIONS AND 
METHODS OF MEASURING THE COM- 
BINING WEIGHTS OF ELEMENTS 

Veiy little progiess was made in dtu'olop- 
mg the science of chemi.stry until iiicthodH 
were available for dotermmmg tlic c()m]io.si- 
tion of substances. Not only was it, neces- 
sary to know what elements arc comluiu'd in 
a given compound, but knowledge oi the 
peicentage composition ol the sulwtanci' was 
even more important, 'riic study oi the com- 
position of substances belongm to tlio fu'ld of 
analytical chemistry. Qualitative anali/sis 
deals only with the detenmnation of the dil- 
ferent kinds of substance.s which can be de- 
tected Quantitative analysis detci mines, 
also, the percentage of each .suhst.ance ddic 
quantitative study of substance.s owes its 
place of unportance in chemnstiy to Lavoi- 
sier, who showed by lu.s detomiinaiion.s ol 
the composition of diQ'eiont substances that 
the use of the balance is one of tlu' surest 
means of determining facts from uhich to 
formulate chemical piiuciples and tlu'oiics 
By his analyses of niiiny matciials, Luvoi.hici 
established the goneial principle that duiing 
a chemical change the total quantity of mat- 
ter remains unchanged Without this piin- 
ciple, further progiess in quantitative analy- 
sis would have been difficult and piohably 
impossible Bei zebus later analyzed most 
of the compounds known in liis day and con- 
tributed much mfoimation of a quantitative 
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chanu'loi, winch aided Kmitly m the devel- 
opment of other principles concerning chem- 
ical chniige 

\Ve descrihe below two cxpeiiinents which 
illiistiate nietliods iisivl m delcnuinmg the 
composition ol com])oinids and, Hjiecilically, 
the relalive weights of the elements that 
combine to form tb(' cninponnds It should 
not be assumed, howevei, that the evpeii- 
monts dcsciilied arc applicable to all the 
difTerent kinds ol reactions by which com- 
pounds can be formed, or that they aic ai)- 
plicable to the comlnnations of all elements 

19. Combining Proportions (by Weight) of 
Copper and Oxygen in Cupric Oxide 

A.s an example ol the iiiclliods used m de- 
tenmnmg thi' pmemviage comiiosition of a 
.substance, let ns coiisidor tlu* composition of 
a compound ol coppci and oxygen Tims 
compound, wlmdi is luodiiccd liy pas.siug 
oxygen o\ci liuelv divided coppci, is called 
cupric oxide Fiisl, we iinisl. ueigli a con- 
tainer lor the copiiei; lei ns say (hat tln.s is 
a small ponelain bout 'I'lieii lh(‘ eopiiei i.s 
placed in (he boal and the boal and its eon- 
tents aie weighed 'I'he (hnereiiee b(>l, ween 
the two weights is the weigh I ol coppci used 
m the cxjicinncut 'I’bc boat is now ))laccd 
111 a gla.ss tube (Ibgiiic h), and while it i.s 
healed by the bmiicr, owgcii is slowly 
pas.scd ovci it. Owgeii can b(> piodiiced, as 


shown in. Figure 8, by heating potassium 
chloiate, or .some other .substance that lib- 
erates oxygen when heated, in a te.st tube 
that is connected to the tube containing the 
boat and the copper We must pas.s an ex- 
cess of oxygen over the heated metal, so that 
none of the coiiper will remain unchanged 
The tube is then allowed to cool, and the 
boat and its contents are w'cighed again 
The led metal will have changed during the 
reaction to black ciipiic oxide, and since 
oxygen comlnncs with the coppei to form 
the oxide, there will be a gam m weight 
The lioat must be placed in the tube, heated, 
and tieated with oxygen again to make cci- 
tain that the reaction i.s complete The le- 
action i.s coiisideicd complete when two suc- 
cessive wciglnngs show that the weight ol the 
boat and its contents is constant We lei'oid 
the final weight ol the boat and its contents 
The dilleumcc between this and the weight 
of the empty boat i.s the weight of cipnic 
oxide The clilfcience between the weights 
of ciipiic oxide and copiiei is the weight of 
oxygen which has combined with the cojipei 
The rccoid of our data should look .some- 


what as follows 


1 Weight of lioat and coppoi 

5 232 g 

2. Weight of empty boat 

4 732 g 

3 Weight ()[ coppei (1-2) 

0 .500 g 

4 Weight of boat and cupric oxide 

5 357 g 

r> Weight of cupiic oxide (4-2) 

0 G25 g 

G Weight of oxygen (.5-3) 

0 125 g 



Flguro 8 Dotermlnatlon of th« Combining Proportions of Copper and Oxygen 

The excess of oxygen bubbles through the water in the bottle This allows us to determine whether 
or not oxygen is being supplied for the reaction, 
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30 kinds of substances 

7 Combining propoitions of copper and oxygen 

0 6 g copper 0 126 g oxygen 

1 0 g copper 0 250 g oxygen 

8 Percentage of copper = 

weight of coppei 1 ^ ^ gQ 

weight of cupric oxide 1 25 
Peicentage of oxygen = 100 — 80 = 20 

The chemical change in this expeiiment is 
the combination of copper and oxygen 

Copper + Oxygen — y Cupiic oxide 

20 The Combining Proportions (by Weight) of 
Hydrogen and Oxygen in Water 
The peicentage composition of watei can 
be determined in the following manner 
Cupiic oxide IS placed in a boat, and the boat 
and its contents aie weighed The boat is 
then placed in a haul glass tube (Figiue 9) 
and heated, while a stieain of diy hydrogen 
is passed over it In Figuie 9 the bottle at 
the left IS a hydiogen geneiator It contains 
small pieces of zinc A solution of hydiogen 
chloiide is added thiough the funnel or 
thistle tube Zinc loplaces hydiogen in the 
hydrogen chloiide 

Zinc + Hydrogen chloiide — y 

Hydiogen + Zinc chloiide 

The hydiogen is dried by passing it 
through the tube A which is filled with cal- 
cium chloride, a substance that combmes 


with water but not with hydiogen Hydro- 
gen reacts with cupiic oxide as lollows' 

Hydiogen -h Cupric oxide y 

Copper -f Water (hydrogen oxide), 

The watci pioduccd by this reaction is in 
the foim of steam because of tlu' tcm])era- 
tuie in the tube B The , steam passo.s out of 
B into tube C where it is condensed and com- 
bines with the calcium chloiide which that 
tulie contains Tube C and llie calcium 
chloiide it contains must have beem weiglied 
at the beginning of the expeumeut This 
tube must be weighed again ai, the end of 
the experiment, Tlie gain in weight is (he 
weight of the watci that has liecn piotlueod 
by the reaction between cupric oxide and 
hydrogen When the boat and ils eoukmls 
have cooled sufficiently, they aie also weighed 
agam The loss in weight ie])ieseiits the 
weight of oxygen that has eomluned with 
hydrogen The weight of liydrogen can be 
calculated as the dilfoience lietween the 
weights of water and oxygen The data ob- 
tained aie taliulatcd in the follow mg ordei 

1 Weight of boat and eupiic oxide 

2 Weight of tube C ami diy calcium cliloiule 

3 Weight of tube C and cnlcuim chloude 
aftci absoiption of water 

4 Weight of water pioduccd (3-2). 

6 Weight of boat, coppei, and cupiic oxide 
attei leaction 



Figure 9 Delerminqlion of the Combining Proportions of Hydrogen and Oxygei 
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6, Weiglitof (ixyncii (I .')) 

7 liyilii'Kcii u-fil (1 (l) 


Per cent df (txyw'ii 


wcijrlit of ownoii 
- , ■ - — X 10(1 
wf'ifflit (if water 


Percciit(iflij'ln'Keii=» 


of liMliojfeii 
weight (if waU'r 


X UK) 


Tlie iK’i'eerilugc edinjKMhdii of wafoi k, 
oxygen, HHHl pei cent and liytlidgeii, 11 H) 
per ei'iil 


Review Exercises 

1 Deline eliMiieiit ami ((iiiipdiiinl Why (i.u 
each he das‘'ilieil a^ a ''oliHtuiiee'' 

2 Ihalei what ('dmlitimm aie ehiiieiit'- diMii- 
legiated'^ 

11 Xatne ten iiietalhc and ten mni-inetallic ele- 
ment'' 

1 What aie ‘•inne nf Ihe ph\'ieal ])I(lpeltle^ 
geiieiall\ piiw'-s'd li\ (he nie(alh(' ehmients? 

,') If to g df magne nun m Iniined (d hnni (he 
(ixidc, whal weight nt dwgeii will (dinliine 
with it and what weighi dl iiiagne''iiiiii oxide 
will he |(iMned" (See page 2(i I 

() \ iiiixliiie I'diilaining 1(1(1 g el liiieh dnided 
iidii and 7“i g dl 'iillui m heateil W hnh ele- 
iiimit and what weight el li will leinain iin- 
imed when the leaelKMi m (oiiiplete'' (See 
page 2() ) 

7 I'Aiihun wh\ (he a'lic- lioiii hiiiiiiiig Wdoil 
wi'igli h"''" than the wnod, while the adi whali 
leiiiaiii'' when iiiagiie'iuiii m iron is Imiiied 
weigih iiiiiie (hail tlie (iiiginal metal 

8 W'limi ga'-dline hiiiiis (heie m im KNihie Ihiw 
is this explained'' 


9, (iiv(' ex.irn]ilcs of each of the four lands of 
(dieniKiil ehaiige dcsonhcd iii this chaiitei 

U) The following weights ol the constituent ele- 
ments aie conilimed m a sample of sulfmie 
aeid hydiogen, 1 f) g,, siilfm, 24 g , and oxy- 
gen, 48 g Caleolate the peieentage of each 
(‘lenient m the eonpimnid 

11 To what class of chemical eliiuigc does each 
of the Idlldwmg K'lictions helong 

(n) Ilyiluigen -p ('hloiine — y llydiogon 
chilli iile 

(I)} Ilvdiogen chilli ide -f Magnesium 
Magnesium chloiidc + Ilvhogen — > 

(() Hodiiim siilhde -f Ilydiogcn chloiide — y 
Ilyiluigen suKnle + Soihiim cliloiide 
((/) Ilyihogensiiliiile — ^ Ilydiogcn -f Sulim 

12 Cliissifv tlie following iiiateiials ns elements, 
lonipoinids, oi mixtuics ahimuuimi egg, 
paint, hlood, sullmic acid, ink, euiopuim, 
nieumic oxide 

18 Why ha\c ihscoxciu's coniiecled with ladio- 
actnity and the ilMnlcguition of elements 
mil changed oiii fiindaincntal coiiceiit of cle- 
ineiils as dislniguishcd fiiiiii lonipoimds'^ 

II Kxplam piccipitiilioii, lilliaiion, and filtiatc 

If) W hat weight of hydiogen i an lie iihtamed hv 
flieeomiileteih'ciinipo'-ilioii of lOOg o| watci 
il watei conlams 11 Ihjiei cent olliyiliogen'i’ 

References for Further Reading 
Dampici-’W lielhiiin, W (' ,.1 lh\kn\nij tiama 
Mooie, F ,1 1 dis/oi// Ilf ('hnindry 
W(‘iks, M 14, Tki Divtmui oj the Elmcnls 
nil ed I''ii'-ton| I'eiuui Jiininal of C'heim- 
cal I'ldueation, 1939 
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ATOMS AND MOLICULES 


It seems probable to me that God, in Ihr 
heginmng, founed intdler in solid, inassg, 
hard, impenetrable, moveable iiartvles 

JOHN 1) VLTON 


T (nfroductfon 

Can any substance be djvided continu- 
ously and without limit into smaller and 
smallei pai tides of the same substance’ Or 
IS it possible, finally, to obtain, by division, 
ultimate pai tides — pai tides that cannot be 
furthei divided without destroying the iden- 
tity of the substance’ Fiom the tune of 
man’s earliest thought on the nature of 
matter, these questions have been of funda- 
mental inteicst For many yeais, the argu- 
ments for an affinnative answer to the second 
of them — - that is, in favoi of the theoiy that 
eveiy substance is composed of definite, ul- 
timate particles — have been consideied con- 
clusive and satisfactoiy, and this point of 
view IS now generally accepted as coirect 
It IS this concept of matter that is presented 
in the atomic theory, which will be our pii- 
maiy concern m this chapter 
In a laige measuie, the atomic theory Ls 
responsible for the development of chemistry 
as a science It has been a veiy useful guide 
in al! studies and investigations dealing with 
the different forms of matter and then chem- 
ical changes Hence the atomic theoiy is 
one of the most impoitant subjects that you 
will study As the evidence upon which the 
geneial acceptance ot the theory iest,s is also 
unpoitaiit, we shall therefore devote con- 
sideiable attention to the tacts and jiunci- 
ples that suppoit the theoiy One could of 
eoiiise, accept it simply upon the assmance 
that scientists in geneial accept it But a 
scientific theory can nevei mean veiy much 


until one understands the loimdiiiioii ol facts 
upon which it has been limit, how it (‘\|)lains 
and intcgiates these facts, how it has jiroved 
its usefulness, and how il, can be usi'd as a 
guide m new investigations 
Like all tlicoues, the atoiiue Mieiny of 
matter has been modified Iroin lime to tunc 
The moie imjiortant ehaiiges iii oui eoneejifs 
of atoms will be diseussed 111 ( 'haiilei 1 But, 
afterabiiof histoneal survey of some eailv 
thooiie.s, we .shall Lake for oui stui Img-iiouit 
the atomic theory as it, was proposed m Hm 
eaiiy yeans of the nirudeeiitli emilurv by 
Dalton, iliiit .stateineiil, ol the tlusim v\as 
based, toacorisiclcralile eMeiil, u])on eeitaiu 
laws relating to cheimeal eliaiigt's ddie lo- 
lationships between these laws and the 
theoiy — how the theory exiilaiiis the laws 
and how thelaw.s supiunt dilfeicut, aspeets of 
the theory— will be discussed al, .some 
length 111 this ehaiitci ft is also im|)oitarit 
that wc understand tlu' jueseni eijnnolal.ions 
of the terms alom and mohr aW, and also (be 
scale that is n.sod m ('\piessmg the lel.nlue 
weights of the atom.s and iiioleeiiles ol dil- 
fcicuL hiibstanci's 

2 Particles of Matter 

Many ratliei eomniunplaei' facts and ob- 
seivatioiLsgivesupimrt to the aloime theoiy, 
because they can he evplaiiusi satislaetorily 
we as,sunie that all loniis ol mat Lei arc 
compased oi particles instead of being con- 
tinuous or “all in one piece.” 

The flow of liquids, foi example, suggests 
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that they are eotnposed ot partieloH which 
can move with rospi'ct i,() one anotliei m 
somewhat tlie same fasliion that ]iartieles of 
sand slij) and slide, ovc'r and aiound one an- 
other when tlu'v aie poured out of a vessel 
The fact that mehds can lie lietit and beaten 
into thin shei'Is siianests a similar explana- 
tion lor (lu'ii eomiiosilion The tendeni'y of 
one una h' pass into the space osteiLsihlv oc- 
cupied by another can hi' e\[ilained if we 
asHLinie that each ftas is comiioHcd of parti- 
tk'lcs and that the ]iai(ieles ol neithei gas in 
fact oeeiiiiv all the space In a .similar man- 
noi weean assume (hat jiailieles ol sugar and 
watei ail' mixed m a solulion ol (he.so .sub- 
, stances, for weie we to assumi' otherwise, we 
should find it diflieull indeed to explain the 
fonnalion of a solulion d'he eompicssilnl- 
ity of gases can also be explaiiii'd by the us- 
sumiilion dial, (hey ari' composed of particles 
which can he crowded closet (.ogether by 
pios.sure And when healed, (he gas (>xpands 
beeau.se the inulides aic fuithei septirated 
from one anotlu'r 

The evapoiation of a luiuid, which occiiis 
by degree.s, a hide at a time, would bo difli- 
ciilt to ex'plam if (he subsl.ance weio con- 
tinuous il it wen> all “in one piece’’; 
for il i(. weie eoiUimious in ehaiacter we 
might expect till ol il (o pass m(,o (he vapor 
state at (he same lime If, on the o(,her 
hand, the h([uul is made up ol pai tides that 
are moie oi less ludeiamdent, we shoukl ex- 
pect the moie laindly moving ones (hat 
.stiike the surlaee to pass through, while 
those thal, (ia\(>l more, slowdy lemam behind 
As the' l,empeiiituu' is ineieased, (he velocity 
of all (he pal (, teles is inci eased; hence more of 
them aie ahh' (,o break (hrotigh the .surface 
and become patlieles of vapot 

We know (.hat (he eailh’s al.mosiiheie is 
composed of many dillerent suhstanccs 
Why do they not scpaiate, into laycis, with 
the heavici gases rieai the earth and the 
lighter ones above them? Perhaps because 
the various gases are made up of particles 
that move m all directions as the result of 
collisions, so that the different kinds of par- 


ticles remain mixed instead of .settling out 
into layem under the influence of the earth’s 
attraction ioi them 

3 The First Atomic Theories 

The idea that matter is discontinuous — 
that it IS made up of pai tides - can be 
tiaood back as far as 1000 b c. Some of the 
Greek philo.sopheis favored tins view, and 
one of them, Democritus, is sometimes given- 
credit foi the fiist atomic theory Suipiis- 
ingly enough, many of his ideas would be 
fairly creditable today, if they weie but 
slightly modified He assumed that there 
are a.s many kinds of atoms -■ ultimate pai- 
ticlcs — as theic aic vaiietie.s of matter, 
that IS, he made no distinction between atoms 
of elements and “atoms” of compounds oi 
even of mixtmes, since he believed that theie 
were atoin.s of wood, stone, water, non, gold, 
blood, flo.sli, bone, an, eaith, and oven of the 
soul. By definition, theicloie, the atoms of 
Democritus dilfoied fiom the atoms with 
which chemistry deals today, for the atoms 
ol modem chemistry aic the ultimate parti- 
cles of elements 

But others of the Greeks, notably Aris- 
totle, found the atomic concept of littlo value 
in their philosophy of the natuial world and 
of the material which compo.sed it They 
thought oi all forms of matter as combina- 
tions of a fundamental substance, called hyle, 
and certain quahhes such as wetness, dry- 
ness, cold, and heat Becau.se of the gieat 
influence oi Au.stotlc and the widespread 
practice of alchemy, a pseudo-.scicnce winch 
was founded in pait upon his teachings, the 
atomic llu'ory was aliaiidoncd for at least the 
first fifteen cenliiiies ol the ( 'hnstian Era 
Duimg this eril.iie peiiod, llio study ol mat- 
ter, along with all other scientific studies, 
suffered stagnation and retaulation It was 
not a time when men reasonetl fiom observed 
effects back to their causes Instead of ob- 
seiwing facts as they are revealed in nature 
and by experiment, the alchemists clung to 
beliefs based upon superstition, fraud, magic, 
and ideas of the supernatural. 
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Tlie atomic concept was levived at the 
time ol the Rcuai.shancc Robert Boyle and 
I&aac Newton wei c particulaily prominent in 
bringing about this levival But it was not 
until the eaily years of the nineteenth cen- 
tury that the laws of chemical combination 
were fanly well established, although even 
then they were not universally accepted 
Some chemists had serious doubts about the 
validity of the Law of Definite Composition 
Due, probably, to the lack of accurate quan- 
titative data on the peicentage composition 
of most substances, they were not at all 
certain that the composition of a compound 
could not be varied indefinitely 

4. Atoms and Molecules 

Befoie beginning a detailed analysis of 
the atomic theory and the evidence upon 
which it IS founded, we should understand 
clearly the meanings of the teims atom and 
molecule, as they aie cuiiently used For 
these terms have not always been used in 
the same sense as they now aie, and if we aie 
clear as to what the modern scientist means 
when he speaks of atoms and molecules, we 
may avoid possible confusion when we see 
what the tenns stood foi in eailiei statements 
of the atomic theory 

Atoms aie the smallest 'portions, or particles, 
of elements that combine to form compounds 

Molecules aie the smallest pai tides of any 
suhstance — element oi compound — that can 
exist alone and that have the characteristic 
composition and propeHies of the substance 
We cannot say, of course, that a single mole- 
cule of a substance has all the properties 
that a relatively laige mass of the substance 
possesses It would be absurd, foi example, 
to speak of the boiling point of a single 
molecule However, the essential chemical 
charactei — its possible reactions and the 
substances that can be made from it — is 
the same foi one molecule of a substance as 
for a pound of the same substance 

The chemist, therefore, speaks of atoms of 
oxygen when he lefera to the particles ot 
oxygen that react with hydiogcn to form 
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water, or with carbon to form carbon dioxide, 
or with any other element to form an oxide 
of that element And he speaks of molecules 
of oujgen when he is referring to the smallest 
particles of free oxygen — of the oxygen in 
the an aioiind us, for example As wo shall 
leain later, each molecule of oxygen, and 
each molecule of ceitain othci elements, con- 
tains two atoms and is called a diatomic mole- 
cule Tlie molecules of some of the elements 
contain more than two atoms, and those of a 
few contain only one Foi the latter, the 
molecule and the atom are one and the same 
particle, i e , the molecule is monoalomic The 
particle of water that is produced from 
atoms of oxygen and hydrogen is also a mole- 
cule, as we shall piove latei, it contains one 
atom of oxygen and two ol hytlrogen 

DALTON'S ATOMIC THEORY 

John Dalton, an English schoolmaster, is 
usually credited with the fiisL statement of 
the atomic theory in terms that can properly 
be associated with the development of the 
science of chemistry. His eonelusions about 
the nature of matter, pulihshod dm mg l,he 
peiiod fiom 1802 to 1808, were based upon 
earlier ideas regarding matter, especially 
diose of Boyle and Newton, upon data con- 
cerning the weights of dilferent elements that 
combine to form compounds ; and upon his in- 
terpretation of cei Lain phenomena — as, foi 
example, the fact that the dilfeient gases ol 
the atmosphere do not soLtle into layeis 
Dalton was mteresLed in the combining pio- 
poitions (by weight) of diffoieiiL (dements, 
he earned out seveial investigaLions ol his 
own, and fanulmrizcd lumscdl with the 
results obtained by oLlici.s His appaiatus 
was crude, liis mateiials weic not always 
puie, and lus lesults weie fie([uently inac- 
cuiate as judged by modem standards 
Moreover, tlieie aie those who behove that 
he sometimes inleipieted his data to agree 
with opinions that he had loimcd beloie 
caiiymg out his experiments But these con- 
sideiations. whatever weight they may de- 



DALTON'S ATOMIC THEORY 


35 


geive, should not dotmcL from t,ho cicdil, due 
him for fonnulatiiiR the fii-st, compiehcuKivo 
statement of a oouecpl. ot inal tor bused upon 
quantitative, eAiK'niueiital evidouee Dultoii, 
of course, did not, oiiffinate I ho atomic con- 
cept. A.S we have alieadv iioiiited out, Lhcrc 
had boon olliom - oont.uuos liotme Ims time 
— who believed all forniH of iiuiUor lo be 
composed of ultiiiiale part.icles. 'I'hc (>aili(‘i 
theories, however, were enliiely speculative 
and were uasuiiporled In any body of qiiau- 
titativo dal a 

5 An Outline of Dalton's Theory 

Dalton’s theory, which ho out lined iii 1801, 
is summarized below In some inslanees, 
his original slai omenl.s Inn e hei e 1 leoti altered 
in order to make the llieoi\ uKiee with pios- 
ent knowledge Our suinmar\, IIiokToio, 
in a CGI tain sense, is Dallou's theory bioiiKht 
up-to-dato 

(1) Every subs! anee, wliellioi olenietil oi 
compound, consists ot ultimate pai tides 
Dalton called all Ihe.se particles atoms, irom 
a Greek word iiieamiiK lutdmtlnl As now 
used, howeiei, I, he leim “atoms” ([laKC 'll) 
refeis only to the smallest paiiicles of ek'- 
ments that, react, to lorm compounds, and we 
shall so use the leim in all of oui discus, sions 

(2) The atoms ol anv one element aie iden- 
tical m weight and m olliei cluiiai'leiislics 

(3) Atoms eannol be divided, cioated, or 
dcstioycd, they aie permanent, unchanging 
bodies 

(4) d'hc molecules (Dalton called these 
"atoms,” also) ol a compound aie piodiiced 
when atoms ol two oi more eleiiieiils com- 
bine 

(5) Atoms ol elemeiils combine in smipio 
nuiiieiical ratios, siii h as one lo two, or two 
to three, oi one to one, and loi any one com- 
pound Ibis lalio Is alwa\s the same 

(li) d'he atoms ol two elements may com- 
bine in dllleieiil lalios lo loim mole than 
one coiupoimd Thus, one alom ol element 
A may combine with oiic atom ol elcnient B 
to form a molecule ol the subslance AH, and 
if one atom oi d combines with two atoms ot 


B, a molecule of the compound ABi is foimcd 

(7) Dalton also believed that the most 
slahlv and the most abundant compound of two 
elements consisted ot pai tides that contained 
one alom of each of the two dements This 
hdiel wuis not based on laets, and later 
evidetiee iiioved that it was eoiiiplotely un- 
reliable 

In the absence of ailouuale infoiinaLiou upon 
wbieb 1,0 (leciilc bow many atoms of each of two 
elements combine to make a rtellnite eomimimd, 
Dalton made a leasonable, Init eiioncous, a.s- 
sumiition Ite thought it leasonable to assume 
that the compoimd most likely to result finm the 
eombiimtum of two kinds of atoms would be the 
one foimcd when the atoms combined m the latio 
of one lo one 

6 Changes in the Concept of Atoms 

Peihai>s the most impoitaiit dilfcicnee be- 
tween Dalton’s concept of an atom and the 
eonei'iit held by modem seumtists i,s that he 
thought, ol the atom as an idhinatc, iiarlade ol 
some loim of matter We arc now eoii- 
vinei'd that the at om has a.sl.uietiue made up 
ol dilfeient kinds ol jiartieles which aie c'\- 
tieimdy small as eompaied to the whole 

TlK'stiuetiiie ol the atom will be discussed 
in the next duipler Em the present, wo 
shall 1)1 idly eonsidei otliei significant 
eh.inges that have been made in the atomic 
theoiy .since the tunc of Dalton 

(1) 'I'hc idiims i)f ail cliiniiid are not idiiiiliial in 
all insrs, as Dalton had behoved The atoms of 
any one elcmoiit have the same, oi veiy ncaily 
the same, cheniieal pmiieities, hut they may 
dillei ill iiiiis,s Thus seveial lands ol lead atoms 
liiue lieen levealed liy studies of the ladioacLivo 
eleiiuMits, ami thi'se have dilfeieid masses Thcic 
me abo two kinds of ehlonue atoms, tliiee of 
oxygen, tliii'e ol hydiogeii, and two or moie of 
many olliei elements 

(2) Umiis inn hti dviampoml T!u‘ atoms of 
ladioactive elcaumts spoidaiieously dismtegiate, 
1(11 ming not only atoms ol oihei elements, but 
also elections winch, so fai as we know, aie luiils, 
of iicgatuc clcrliical (h.uge Othei kinds of 
atoms have been deroiiipuscd in the laboiutoiy 
by bombaiding them with veiy small, lapidly 
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moving particles buch as those emitted by the 
radioactive elements 

Dalton thought that the atom had no parts, 
that its composition was the same throughout, 
and that it was itself the smaUe&t pai tide having 
this composition that could exist, hence he con- 
ceived of the atom as a paitiole that could not be 
divided 01 broken up into smaUei parts 

(3) The most stable and abundant compound 
Jormed by two elements is not always the one %n 
which single atoms of the two elements combine 
Tins part of Dalton’s theoiy was meiely a guess 
made necessaiy by lack of information, and in the 
light of conditions at that time was piobably the 
most reasonable guess that could have been made 
It was unfoitunate that the development and ap- 
plications of the theory, in its eaily years, de- 
pended so largely on the vahdity of this assump- 
tion Most of the erioi's made in the eaily de- 
teiminations of atomic weights of the elements 
and the foi mulas of their compounds were caused 
by adherence to this idea. 

EVIDENCE SUPPORTING DALTON'S 
ATOMIC THEORY 

The atomic theory and the foui laws dis- 
cussed in the sections that follow aio inti- 
mately lelated. Wo shall attempt to show 
how the theory explains each of these laws 
and the facts upon wluch the law is based 
At the same time, we shall be showing how 
the diffeient parts of the theory were deiived 
liom one or more of the laws 

7 Conservation of Mass 

Some of the Greek philosophcis believed 
that no portion of matter is de&troyecl during 
the changes that convert it into other forms 
Until about the year 1785, however, this view 
was not geneially accepted, In that year, 
Lavoibiei proved that the sum of the weights 
of all the substances that take pai t in a cheimcal 
leachon is equal to the sum of the weights of all 
substances pioduced by the leaUion This is 
called the Law of the Conseivation of Mass 
(tlompaie it with the Lavv of the Conseiva- 
tion of Energy, page 14 ) Lavoisier estab- 
lished this law by cxpeiiments in which he 
weighed as acciiiately as possible the sub- 
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stances involved m chemical changes such a,- 
combustion He found that mcicury, foi 
example, could be made to combine with a 
certain portion of air to form the lod powder 
now known as mercuric oxide When this 
powder was heated, it decoin]iosed into the 
same quantities of mercury and “air” as 
had originally combined Thoic wa.s no 
change in the total weight during the forma- 
tion and decomposition of the compound 
We now know that the .substance in the air 
that changes meicury into a red powder is 
the element oxygen In fact, it was Lavoisier 
himself who first recognized the exi.stence of 
this elcnaent and gave it a name 

Let us add one other illustiation of the 
Law of the Conseivation of Mass, o\))laiiied 
in tcims of modern information When wood 
burns, the hydiogen and carbon of the wood 
combine with oxygen in the an l,o foim water 
and carbon dioxide, and tiio ininoial matter 
contained in the wood is left as asli Accoid- 
mg to the Law of the ( lonscrvation of Mass, 
the sum of the weights of the' wood and the 
oxygen that leacLs with it is ('([ual to the 
sum of the weights of ash, watei, and caibon 
dioxide 

The Law of the (’onscivatum of Mass holds 
stactly for oidmaiy cheirutal iciu tioiis witliiii 
the limits of accuiacy of oiii iiictluids of (Iclcriniii- 
ing mass There is evidence, liowcici, that (he 
total mass is not constant in ei'itam eliaiiges of 
an unusual ohaiactcr — cheiineal clianges not of 
the land usually employed in the laboi atoiy or in 
industry to convert one form of mattoi into lui- 
othei Foi example, thcic is a sliglit icdnctinn in 
total mass duiing the explosion of the nmtci nil in 
an “atomic bomb,” a change Unit in\’nl\os the 
convei.sion of a heavy eleiuciit into liglilci ele- 
ments The loss 111 mass amounts to about 0 1 
per cent of the total 'i'his ehaiigr' also involves 
tlie lelease of laige amounts of eiungy, and the 
quantity of eiicigy leleased depends njion the 
extent to which mass is ledueed It aiqioais, 
theiefoie, that we must conclude that theiu is a 
ceitain degiee of eriuivalenev' between mattei anti 
eneigy. The two laws ol conseivation, one of 
mass and the othei of cneigy, should bo com- 
bined The total mass energy content of a system 
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remains rnnstnnt m all ehnneifs, and if eitliei mass 
or enei};v diMipiicnis, an eiiuivalent quantity of 
the otliei IS iiKidiK'cd, 

Thoie may be shiiilit cbanKcs in mass diniiiK 
oidinary chcniu'al clmnKi's, and piiiely thenictical 
reaseninii; nives sonic supimit to tins idea Hut 
if siudi cdiaiiKcs do occui, they aic so slight that 
they cannot l>c detected by the expeiiinental 
methods and aiipaiatns now available 

8, Relation of the Law of Conservation of Mass 

to the Atomic Theory 

If atoms ol eloments cannot be divided, cie- 
ated, or destroyed during (dieinical changes, 
tlieic can b(‘ no eiiange in the total mass of 
substances partieiiiating m llicse changes 
All that Inqipi'iis, e\identlv, is a reaiiange- 
ment of the atoms in dilleient eomhmations, 
orpalteins, t,o form dilleunit substances If, 
on the other hand, alums \\eie changed, or 
if some atoms ucu' dcsiruyi'd or crcahsl, 
during elieniical changes, tlnm wo could not 
expect the comlnned weiglils ol the jiroducts 
to ho eipial to tlic (otal weight of the sub- 
stances partieiiiatmg in t.ho change 'rims, 
we see tliat pait (ii) ol llie atomic theory 
(page df)) IS based ducellv upon the pim- 
ciplo of the coiiseivatum of mass. 

9. The Law of Definite Proportions 

Tlie comiiositioii of asubslance isdcfimle 
Itfolbnvs, theieloie, thal llir piopoilionn {by 
weight) of the .sa/is/mnc.s' Ihal lake pail in a 
specifu' chnnirnl ihiuu/r au' dijinitc 'ITms, 
iron and siilfiii coniluiie m the piopoilioii ol 
out) per ceni of iron and dli 1 pin’ cent of 
Hulliu to foim Iciious (iron) sulfide Mag- 
nesium oxide contains magnesium and oxy- 
gen m llie lalio, liy weight, ol lit) .‘12 iior cent 
to dt) ()S per cent, respectively When hy- 
drogen and oxxgeii leaet to foiiii water, 
1 008 g of liydiogeii eombmes with 8 g. of 
oxygen to toim 0 1)08 g ol watei If 1(5 g of 
oxj'geii IS used, 2 010 g of lix'diogon is le- 
quiiod for the eomiiletc icaction, and twice 
as much walrn as bedoie i.g formed Wlien- 
evci and wheicvei water is foiined liom its 
elements, the latio of the weights of the hy- 



PIguro 10 The Law of Consorvahon of Mass and 
Ihe Law of Definite Proportions 

The otoms of iron, sulfur, hydrogen, and chlorine are 
permanent and the number of each is unchanged in the 
reaction All that happens is a rearrangement of the atoms 
to form new compounds All of the atoms of iron are iden- 
tical, So, too, are the atoms of sulfur, hydrogen, and 
chlorine Furthermore, the some atoms always combine m 
Ihe same ratio to make the some compounds These state- 
ments being true. It Is easy to see that the weights of ferrous 
sulfide and hydrogen chloride that react to produce ferrous 
chloride and hydrogen sulfide will always be In the same 
ratio to each other We see, too, that the weight of ferrous 
chloride produced from a certain weight of ferrous sulfide, 
e 0 1 g , will always be the same 

diogen and oxygen that combine has the 
Hiune value, 1 008/8 

'riie principle stated above (in italics) is 
one of the most nnpoi I, ant in chcmistiy It 
iH called the Law of Definite Piopoitions 
'I'hc student should note that this law docs 
not exclude the possilulity that two elements 
can combine m moie than one pioportion 
by weight II they do combine m dilleiont 
propoitions, dilferont compounds result 
Caihon and oxygen combine in dilfeieni, pio- 
Iioitions to foim two oxides, caibon monox- 
ide and carl ion dioxide W atei and hydi ogen 
pci oxide contain oxygen and hydiogen m 
two different propoi tions by weight Com- 
pounds which diller in the combining piopor- 
tions of the same elements will be discussed 
in greater detail latei in this chapter 

'rho Law of Defimto Piopoitions can be 
applied not only to elements but also to com- 
pounds, and it can be applied to the sub- 
stances piodiiced as well as to the substances 
that leact Thus, in the formation of watei, 
the weights of hydrogen and oxygen are m a 
definite latio, so, too, aie the weights of hy- 
diogen and water and those of oxygen and 
water 
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10. Relation of the Law of Definite Proportions 
to the Atomic Theory 

li all the atoms of an element are identieal 
in mans, and if the atoms of two or moie ele- 
ments always combine in the same numencal 
ratio to fonn the same compound, then the 
proportion by weight of the elements in the 
compound must always be the same On the 
other hand, if all the atoms of an element did 
not have the same mass, the weight of that 
element that combines with a definite weight 
of another (to form the same compound) 
would not always be the same, but would 
depend upon ivhethei the heaviei or the 
lighter atoms of the element took part in the 
reaction The fact that the compound 
formed fiom two or moie elements always 
has the same pioperties, as well as the same 
composition, indicates also that all the atoms 
of any element aie identical, not only in 
mass, but in all their piopeities If tliis weie 
not so, we should expect that a compound 
formed by atoms having diffeient pioperties 
would not itself always show the same set 
of properties 


law but m out calling two different kinds of matter 
by the one name — hydiogeu 

11. The Law of Multiple Proportions 

Under diffeient conditions, the .same ele- 
ments may form more tluui one eomixmiicl 
Table 2 gives the weights of each of a f(>\\ 
elements that combine with a fixed weight of 
oxygen to form two oi more oxide^s 

In the two oxides of caihon the weights of 
that element that corahiiie witli Ki g of 
oxygen aie 12 g and 6 g, res] lee Lively, 
These weights of cailion aic in the latio of 
2 to 1 The ratio of the weights of oxygen 
that combine with 1,008 g of hydrogen tc 
form watei and hydrogen peioxide (I'Tgure 
11) are also in the ratio of 2 to 1 (Hi to 8) 
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Fi0ura n Th» Law of MutUple Proportions as 
Illustrated by Water and Hydrogen Peroxide 


Weight lelations that appear to be exceptions 
to the Law of Definite Piopoitions have been ob- 
sei’ved in compounds of lead and, more recently, 
m the composition of watei and other substances 
Samples of lead chloude have been prepared that 
contain lead and chloi me in seveial diffeient (ap- 
proximate) latios by weight 207 to 71, 208 to 71, 
and 206 to 71 In the so-called heavy water the 
ratio of the weights of hydiogen and oxygen is 
about 2 to S, while m oidmaiy watei it is 1 to 8 
These facts do not invalidate the Law of Definite 
Proportions They indicate that them are at 
least tliiee kinds of lead and two of hydiogen, 
and we now know that thei e are even moio land.s 
of each of these elements Each land of lead, foi 
example, combines ivith clilouue in a diffeient 
latio by weight, but foi each kind of lead the 
combination is always in accoi dance with the 
law 

Likewise, two lands of watei aie possible, be- 
cause there ai e two kinds of hvcli ogen The Law 
of Definite Tiopoitions hokls aecmately foi the 
combination of each vancty of liydiogen with 
oxygen The fault, if thorn is one, hes not in the 


The same ratio holds for Lhi' woiglils of 
mercury that combine witli Hi g of oxygmi 
to foim two oxides of timt clomoiiL In ilu' 
thiee oxides of clilonno the woiglihs of chlo- 
rine that combine with lb g of oxygen hk* 
10 13 g , 17 73 g , and 70 92 g , ies])ccLivelv 
Of these weights of chlmine the hugest is d 
times the inteimcdiaic and 7 tunes the small- 
est weight, while the two ,smallc‘i weiglits 
aie in the ratio to each otliei ol 1 Lo 7 
Such obseivations as Lhesi' h'd John 
Dalton, m 1801, i,o fornuilatc' the T,aw ol 
Multiple Propoi Lions // iwo rlnnrnls fonii 
more than one compound, the ■wrujhi'i of mw 
which combine with ajiicd wvighi of the nllwj 
can be lepicseuM by a uilio 'of umall whole 
mmbers {inlegeis) In Ie,ss lo.mal language, 
this law stale.s, that the two weight!, of element 
A that combine wiUi the kame weight of de- 
ment B to foim two eoinponnd.s aie in the 
ratio of two small numbeis, such as i to 2, 

1 to 3, 2 to 3, Ol 3 to 4, 
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TABLE 2 


Different Weighs of the Some Elements that Combine with 16 Grams of Oxygen 


Element 

Wttiqhti (g ) that Combine 
With 1 6 g of Oxygen 

Ratios of the Weights of the Same 

Elemont that Combine with 

1 6 g of Oxygen 

Carbon 

1 2 and 6 

12^6 = 2/1 

Copper 

1 27 2 and 63 6 

127 2/63 6 = 2/1 

Hydrogen 

2 016 and 1 008 

2 016/1 008 = 2/1 

Nitrogen 

28, 14, 9'/3, 

28/14 = 2/1, 28/9V3 = 3/1 


7, and 53/5 

28/7 = 4/1,28/5 3/5 = 5/1 

Mercury 

200 6 and 401 2 

401 2/200 6 = 2/1 

Chlorine 

70 92, 17 73, 

70 92/17 73 = 4/1 


and 10 13 

70 92/10,13 = 7/1 


Ak a linal illii''l i at uin nf I lu' law Id ns cou- 
aiilci Uii' fi\(' (i\i<lcs III inliii)rcii Ld us lake 
M K of lulmuoii as llic lived weiKlil, of one 
('Icmoul, wi' llii'ii I'aii i(miiiaii' llie weiglils 
of oxygon llial aio I'oiuliined u ilh lliis weigliL 
ofnilrogoii in llio li\ e < oiuiimiiids 



Nllirilil'Il 

( IVVKI'II 

(,\ltlrnis tividd 

11 

H 

(Nltlic (iviilc) 

1 1 

111 

(Nltliigeil tlinvidcl 

14 

24 

(NlllngCll tlln'lrlt'l 

11 

32 

(Nltliigfli iii'iiliiviili'l 

1 1 

40 

The dilTeieid vicighls 

III iivvgen 

aie Hills 

sluiwri III be equal in 1 

3, 1, and 

.T ( lines S 

They aie lelaled 111 I he 

’ -ame maiiiici as llie 


•siMies ol Kinall whole numbeis, 1, 2, 3, 4, 5, 
anil arc con.soquenLly in agieement with l.ho 
I<a\v of MiilUple Pi opoi lions 

12 Relation of the Law of Multiple Proportions 
to the Atomic Theory 

All t,ho weigliis of clonicnt A that combine 
with a fived wciglit of element B aie multi- 
lile.s of the smallest weight of A that com- 
bines with this lived weight of B (At least 
all the wiMghls of A aie miillipleo of one 
wi'ight, but it HometimoR happens that this 
smallest weight itsidf does not combine with 
llie lived weight of B in the eompoimds ev- 
aii’ined ) d'lu' dilfeieiit weights of ovvgen, 
lui evaiii])le, that eombuie with a fixed weight 
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Flgur« 12 The Low ofMolllpla Proportions os Applied to the Five Compounds of Nitrogen and Oxygen 
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of nitrogen are 1, 2, 3, 4, and 6 times the 
smallest weight of oxygen that so combines 
The most reasonable explanation is that 
twice as many atoms of oxygen combine 
■with the same number of mtiogen atoms in 
the second compound as in the fiist, thiee 
times as many in the third, foui times as 
many m the fouith, and five times as many 
in the fifth It seems to be clearly indicated 
that, in combining with nitrogen, oxygen 
acts as if it exists in definite "packages'^ 
or units, and that, for a fixed quantity of 
nitrogen, one or some other whole number of 
these “packages” must combine The 
smallest possible “packages” we may call 
atoms, if we wish 

In water and hydrogen peroxide, 8 g. and 
16 g , respectively, of oxygon are combined 
with 1 008 g of hydrogen Since the weight 
of hydrogen is the same, the same numbei of 
atoms of this element must combine with 
8 g of oxygen m water and with 16 g of 
oxygen in hydrogen peroxide Now, of 
course, there must be twice as many oxygen 
atoms in 16 g as in 8 g Hence, the facts 
are satisfactoiily explained, if we assume 
that twice as many atoms of oxygen combine 
with a ceitam number of hydrogen atoms in 
hydrogen peroxide as in water If there are 
two hydrogen atoms for every oxygen atom 
in water, then there must be two oxygen 
atoms for every pair of hydrogen atoms m 
hydrogen peroxide This is the view of 
modem chemical science DalLon, however, 
believed that there were the same number of 
atoms m 1 g of hydrogen as in 8 g of oxygen, 
and hence that in water one atom of hydro- 
gen was combined with one atom of oxygen 

13. The Law of Combining Proportions 
We now must examine other data concern- 
ing the weights of different elements that 
combine with one another to form com- 
pounds Is there any relationship, for exani- 
ple, between the weight of carbon that combines 
mill a cm lain weight of oxygen and the weight 
of nihogen that combines with the same weight 


of oxygen? This is the type of question we 
wish to explore 

The percentage composition of a sub- 
stance, such as the oxide of copper, states 
the number of grams of each of the elements 
in 100 g of the compound, but information 
expressed in this manner minriot be used con- 
veniently lor comparisons of the combining 
proportions of different elements or of the 
same element in different comiiounds Ifor 
these comparisons, the seler.lion of a fi ted weight 
of some reference element is dcsiiahlr (Jom- 
parisons of the composition of different 
oxides, for example, are easier to study if the 
weights of different elements that combine 
with the same weight of oxygen are consid- 
ered Any weight of oxygen, and any unit 
of weight, can be used, bul, Limy mu.st be tiic 
same for each element studied Foi eon- 
venience, let us take sixteen gnims of oxygen 
as the standard, or lefeionco, for l.lio com- 
parisons This selection is convc'iueut, be- 
cause the weights of all (he elements that 
combine with tins weight ol oxygon are 
gieatei than one gram, and at the same time 
none of them is largo enough to make mathe- 
matical calculations voi y comiilicaiiHl Tlu is 
we avoid dealing with extremely small oi 
extiemcly laige weights of any ol Urn ele- 
ments Oxygen is selected boeause it com- 
bines with most of the elements, and because 
many of its compouiids aro easily pioducod 
and easily studied 

Let us now retuin to the question jnevi- 
ously stated Does any lelatmiislup exist be- 
tween the weights of caiboii and mLiogon 
that combine imLIi the same wesght ol oxy- 
gen? We shall proceed to cxplou' Llu' an- 
swer to this question in the lollowing soncs 
of steps. 

(1) In one compound of carbon tuid oxy- 
geu, 12 g of cfubon combums with Ki g of 
oxygen 

Whatever weight of this com])ouii(l may be 
consideied, the piopoitiou ol the weights of the 
two elements is always the same, namely 12 paits 
of caibon foi eveiy Ki paits of oxygen If we 
study tons instead ol giarns of mateiial, we find 
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(a) 

c 

12g 

+ 

0 

16 g. 

(b) 

C 

12 g. 

+ 

0 

16 g 


0 

16 g 












(c) 

N 

14 g 


0 

16g 

(d) 

N 

14 g 


N 

14 g. 


+ 

0 

16 g 













(e) 

N 

14 g, 


N 

14 g. 

+ 

0 

16g 


0 

16g 


0 

I6g 













(f) 

c 

12g 

+ 

N 

14 g. 
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Pleura 13, Tho Law of Combining Proportions 

A few oxomploj ore nbown lo Indlcolo that the ratio of the weights of carbon and nitrogen that combine, also the weights 
of carbon and oxygen and of nitrogen and oxygen, can bo expressed by using one number for each element in all its com- 
pounds If the weights of carbon, nitrogen, and oxygon atoms are In the proportion of 12, 14, and 16, respectively, then 
any weights of these elements that react will be in the ratio of 12 lo 16, 14 to 16, 12 lo 14, or in the ratio of multiples of 
those numbers, depending upon the relative numbers of otoms of each element that combine 


that 12 lull'' Ilf ("lllirili ( Iiliililticn Wltll l(i tntm of 
(i\y|rpii In H ‘■iiiiill -(iiii|ilf, UitMi' may ho ;i « of 
cfti'lioii I oiiiliiiii'il IS till 4 n 111 iiwucn, 'I’lio im- 
portant iioiiit i'' tliiit (lio inliii of tlio woii'lil'i of 
ihp two I'loiiii'iil n, fill lilt, 011101111(11111, iihsiiyM has 
tlie vultlf of 12 Hi, ishioli In llio naiiio as :i 1, (i H, 

<V2i ami so oil 

( 2 ) In lino III llto (Allies 111 ml logon, 1 1 g 
of niliogoM Is ooiiiliiiioil w ii h lit g. of oxygi'ii 

In anv iinaiitiU of thi- ciiiMpuniiil, tthalo\(M I's 
iizp, till* i)io| 101 lion III the uoisliln III iilliojcon ami 
oxygon iiluays ha- llto -'inn' \aluo, nainoly, tlio lo- 
lation 111 II 111 I'lii I x-iiiiplo, 11 . .’i g ol mttiigoii 
and 4 g. ol owgon aio in llto snmo latio to oiio 
anotlioi as 11 Hi 

(2) Noiy lol iis oiiiisnlci |ho weights of 
carhon and mliogoM ihal oiimltino wi(h oaoli 
othi'i In one III iho i’nm|iimiids tuimoil liy 
those two oloiiiont-, 1 1 g ol ml logon is ooiu- 
biuoil wiili 12 g 111 o'olioii In llns ooin- 
puiiad, tlioioliiic, till (if nitioiii'ii III! I 

carbon lltnl iiiriihiiii irilli ciii'lt nlhct (in' ilw 
same llitil riiinlii III inlh /o i/ nj mi/i/rn Thi.s 
IS (lie typo of lolal mnsliip ihali wo hlaiH'd 
out to (mil 

( 1 ) ho liu, x\o hnx (> oiinsidoioil just one 
nompimud ol lailinn and owgon, ono of 
nitrogen and oxygon, and one of caition and 


mtiogeu Wc must now considei the oom- 
position of other compounds containing 
those elements 

In all the oompouncls that contain carbon 
and oxygon, the piopoition of the weights 
of the two olcmciits is always 12 paiLs of 
oarhon Im 11) jiaits of oxygen, oi it is 12, 
01 Home multiple of 12, paita of caibon for 
If), 01 some multiple of IG, parts of oxygen, 
eg., 

2 X 12 2 XJ^ 3 X 12 
2xTg’ K) ’3 X 1G’2 X 

In all tlio oompounds that contain nitiogen 
a’lil oxygmi, the pioportion of the weights of 
the two elcmc'nt.s is always 14 paits of nitro- 
gen to Hi jiaits of oxygon, 01 it is 14, 01 some 
multiple ol L I, paits of iiitrogon to 16, oi 
some multiiile ol 16, paits of oxygon For 
('xamplo, the fixu’ oxides ol nitiogen have the 
following coiupoHitioii 

11 2X11 2 X 14 14 2 X 14 

Hi’ LG~'3 X 1G’2 X IG’5 X 10 

In oac h of the above iiiiotions, the numciatoi 
icprcseuls the numbci ol parts of nitiogen 
combined with 16, or some multiple ol 10, 
pai ts of oxygen 
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In all the compounds that contain carbon 
and nitrogen, the proportion of the weights 
of the two elements is always 12 parts of 
carbon for 14 paits of nitiogen, or it is 12, 
or some multiple of 12, parts of caibon for 
14, 01 some multiple of 14, parts of nitiogen 
Thus, the pioportion of the weights of the 
two elements can be cxpiessed by such latios 
as 

12 2 X 12 2 X 12 ^ 

j j } 0lC 

2 X 14 14 3 X 14 

The facts that we have enumerated above 
illustrate an important general principle, 
sometimes called the Law of Combining Pro- 
portions In all the compounds that any element 
forms, the combining proportion {by weight) of 
that element can be expressed by a certain num- 
ber or by a multiple of that number We have 
shown, for example, that, if we express the 
weights of oxygen as 16, or multiples of 16 
parts, of that element, then the weights of 
any othei element that combines with oxy- 
gon can be expiessed by a ceitain number (as 
12 foi carbon or 14 for nitrogen) or by mul- 
tiples of that number of weight uniLs We 
have also shown that the same numbers that 
are used in expressing the combining propoi- 
tions of the different elements witli oxygen 
can also be used to express the combining 
proportions of these elements with one an- 
other 

As a final illustiation of this law let us 
consider biiefly the composition of the com- 
pounds containing hydrogen and caibon 
The combining proportion of hydrogen in 
compounds with oxygen can be expiessed by 
using 1 008 parts of that element, or some 
multiple of 1 008 paits, foi cveiy 16, or some 
multiple of 16, paits of oxygen Now, there 
aie probably 300,000 compounds that con- 
tain both hychogen and cailron In any one 
oi these the piopoition of the combining 
weights of hydrogen and carbon can be ex- 
piessed as 

1 008 paits of H 


a multipl e of 1 008 parts o f H 
12, o7a multiple of 12, parts of C 

A Word of Caution 

Sometimes the student dl'aw^ an enoncous con- 
clusion fiom the Law of C'onibmmg Piopoitioiis. 
We have known students, for example, wlm be- 
hoved that this law moans that at least 14 parts 
(usually grams) of mtiogen must comlnne with at 
least 16 parts of oxygen 'I'liis, of emuso, vs not 
tiue Any weight of nitrogen -- 1 g oi 100 tons 
— may be involved m the roinliinatinii willi oxy- 
gen. The law .stales that whaloMn tin' v eight of 
nitiogen, the rnlio of tins weight to tlie v eight of 
the oxygen with which it coml lines can he wi itten 
as abaction composed of 1 1, m siuue multiple of 

14, foi a numerator and l(i, oi some multiple of 
16, foi a denominatoi. Thus, 3 b toiw of nitiogen 
can be made to comlnne willi (i Ions of oxvgen m 
3 5 milligrams of nitiogini with 6 iiiilligiams of 
oxygen Now these numhcis me mil 1 1 and 16, 
but the ratios of the weights ol the two elements 
can he expiessed as 

3 5 3 .5X 8 28 2X11 

6 “ 0X8 “ 48 “ 3 X 10 

The point to remnmher i.s that mlrogim find oxy- 
gen do not comlnne m piopoilinns wliieli cannot 
be expiessed as latios of small mtegiiU tiuiUviiles of 

14 and 16, lespectively Thus, we iievei lind 
5 28g of nitiogen coinhined with 7 13 g ol oxy- 
gen The latio 5 28/7 13 cannot be wi itten as 
14/16 or by using small mtegial miilliples of these 
two mimbei.s. 

15. Relation of the Law of Combining Propor- 
tions to the Atomic Theory 

This law, inobiilily imiro lluiu fuiy otlior, 
suppoits the whole of tlic tlieoiy uinl [iiut.s 
(l)j (4), and (5) iiartieiilailv (see page 3.5) 
How it does so can be explaiiieil most .sati.s- 
factonly liy releiriiig onec agam (o mimo of 
the expoi’imcuLal data upon wlneli (lie law 

15 based 

We leeall, for example, tbal Ihe lalios of 
the wcigliLs ol niliogeii and oxygmi lu Ihc 
five oxides foiincd hv these eleinciiLs can be 
expressed as 

2X 14 1 X 1-1 2 X 1-1 1 X 14 2 X 14 
1 X 16’ 1 X 16’ 3 X 16’ ^xTg’ 6 X^Ig’ 


12 pai ts of C 


or 



ATOMIC 

In all ollioi fcmipniiiuls coiiliuuin};; Ihcse two 
('k'lncnls .'itnlal oik' ol lu'i ('Icinont iis 
well llie itiUo ol (he wcikIiI-' ol iu(, logon 
to oxvgcn cun In' (‘xincs-^cd u', sorno sunilai 
lalio ol M, 01 some imillipic of 1 1, parts ot 
iiilrogi'ii to 11), 01 sonic nmlliiilc ol Ki, parts 
ol oxygen W'eiieM'i lliid a i oinpomul ol l.lie 
two eleiiieiil.s in wlndi IliiMr weiglils i aiinot, 
1)0 expies'-ed 1)\ siii'li a lalio, How can Ui(‘s(> 
fads lie e\|)lamed * 'I'lie atoiuie llieory olfovs 
the following explanation 

Let us a.sMiine dial niliogen and oxygen 
are eoinposed of nllnnale jiarlii'les - ealled 
atoms- wliieh eannol lie fuithei dividod 
Let us also assume that one atom ol nitrogen 
wi'lglis 1 1 Iti as mueli as OIK- atom of oxygen; 

01 if we i(‘piesenl the weight ot an oxygen 
atom In the iiumhoi 111, llieii on lla' same 
wale the weiglil ol a nitiogeii atom i.s ri'ine- 
.scntedli\ 11 It lies is imo, m (•/ai/di/a/iaKiid 
in whii'h ((pud itinidx i ' of inhiigi’n mid luiiqm 
nldin.s dll' imidiUKil thi iriu/hls of Ihr two dr- 
mrnls me in tin ndm of tJj. to III, legiiidleas ol 
the ([Uaiililv ol llie eompouiid consideii'd 

In a eompouiid tor which the wi'ighl.s of 
liilvogen and oxvgeii aie m the ratio ol 

2 X 1 1 to 1(1, die miniher ot uloiiih ol lutiogen 
i.s twice as gieal as (he iiumher of al,oms ol 
oxygen (wo loi one hen (he ratio of 
(he weights is 2 I 1 (oH>: 1(1, mliogeii and 
oxygen atoms aie eoinliined lu (he ratio ol 
two to three 

riie student will note tliiit tlie csplanation 
giviMi iilimc is liaseil n|ioii tlie o'^wmiilwn that 
an atom ol iiitiogeii weiglis 1-1 lli as inuch as an 
atom of owgcii W'c miglil lia\e assumeil, how- 
ovoi, thid (lie niliogeii atom weighs 7/1(1 as 
imirti iis die owgen aloin, upon lliis liasis, wIkmi 
the elcnicnls lonitune in tlie lalio l)y weiglit o( 
14 to 111 , we should liave decided (hat Iwoatoina 
Ilf niliiigen me lonilnned witfi one ol ovygen 
Till* onlv qileslioii III iloiilit licic Is till* weiglit of 
tlie nitiogen alom as eom|)aieil to tin* w'cight of 
an o\j gen atom 'I’liis nun li we do know Itiniist 
he 14 weight units, oi some muliiiile iii ,siih-mnl- 
tiple ol 14 w’l'iglit iiiiils -- 28 111 7, jicihaiis — as 
eompaied witli 1(1 weight imits foi the atom of 
oxygon Tim fimdamental idea of the atoiiiie 
theory — tliat each element exi.sts in tlie foim of 
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ilefimte poitioiiK or pai doles that leact to form 
eoinpimnds — is the s.ime whethei the particfe of 
nitiiigen weighs 14, 7, in some otliei multiple oi 
siih-miiltiplo of 14 weight units as cnmpaiecl with 
10 weight units fm the oxygen partiele As will 
he ilemonstiated ihieetly, howe\et (see page 44), 
tlieie ean he no doubt that the eiiiieet iminhoi tor 
mtiogen is 14 as eompaied with 10 for oxygen 

ATOMIC WEIGHTS 

Single atoms me too .small to weigh as 
oidmary objects aie wmighed, a single atom, 
or even a elustei of many atoms, is too small 
even to be obseived The ehomist, howevei, 
can coinpaio the wciglils of dilfeient kinds 
ot atoms with the w'cigbt of one atom of an 
element si'lected as a standaid 

16 Definition of Atomic and Gram-Atomic 
Weights 

The alomie \yeights of the elements are 
mmihers on a scale, oaeh numhei lepicsent- 
iiig die u'lative weight of one kind of alom 
As an illusLiation ol the way this scale woiks, 
lei us constniet a similar scale on the same 
inmeiiile >Siip])o,sing that we wish to com- 
paie the weights of a huge numboi ol per- 
sons — k't us say 90 iioisons — we might se- 
lect one iK'ison whose weight, legaidless of 
the luunhei ol pounds (dial he w'eiglis, can bo 
lepresented by the numbei 5 With 5 as the 
standaid on oui scale, the weight of a second 
lierson who is tiviec as heavy as the fust will 
be lopiesented bv the number 10, the w'eight 
of aiiotliei who is 8/5 as heavy as the lust, 
by 8, and so on, until each of the 90 poisons 
m the giou)) has been assigned a numbei 
that repiesents liis wu'ighl as eompaieil with 
5 loi tin* (list iiidivnlual The scale of atomic 
weiglils IS jiisl sueli a scale of numbers 
Till* numbei assigned to lepiesent the wmight 
of an oxvgeri atom is 16, tlii.s numbei serves 
the .same puipose as the mimlier 5 in oui 
illusti alive scale ol w'eight,s 

In dotennimng the atomic weights of dif- 
feicnt elements it is convenient, although 
not always necessaiy, to foiin compounds of 
these elements with the element selected as 



44 


ATOMS AMD MOLECULES 


Oxygen 

16g 


Nitrogen 
14 g 


|Hydrogen| 

1008g 


Chlorine 

3546g 


Figur« 14 

These weights of the four elements contain the same number 
of atoms Hence, the relative weights of oxygen, nj'roa®"* 
hydrogen, and chlorine atoms are 16, 14, 1 008, and 35 46 

the standard in the scale of compaiisons 
0\ygcn IS a suitable element to use as such 
a standard because it combines with many 
elements and because its compounds aie, as 
a lule, easily piepaied and easily studied 
The weight of an atom of oxygen is repre- 
sented by the numbei 1 6 — any numbei 
might have been selected — ‘ simply as a 
mattei of convenience This numbei foi 
the oxygen atom gives a scale on which the 
mirnber lepiesenting the lightest atom is 
slightly gicatei than 1, and the heaviest is 
appi oximately 240, thus the use of ex- 
tremely small and extrenaely large numbers 

15 avoided in calculations that involve 
atormo weights of elements Purtheiraore, 
the use of 16 to lopiesent the weight ot the 
oxygen atom gives foi many elements 
atomic weights that arc whole numbei s, oi 
veiy nearly whole numbers 

We can now define the atomic weight of 
an clement as a number that represents the 
weight of one atom of that element as compared 
with the number 16 which represents the weight 
of an atom of oxygen For nitrogen the 
atomic weight is 14 Any weights of nitio- 
gen and oxygen that are in the ratio ot 14 to 

16 contain equal numbers of atoms, because 
each nitrogen atom weighs 14/16 as much 
as one oxygen atom, hence, any numbei of 
nitiogen atoms — say 1,000,000,000 ■ — 
weighs 14/16 as much as the same number 
of oxygen atoms There is the same numbei 
of mtiogen atoms, foi example, in 14 g of 
nitiogen as in 16 g of oxygen The chemist 
cannot deal mth individual atoms, but he 
sometimes must know the relative numbers 
of the different atoms with which he is deal- 
ing When he uses 14 g. of nitrogen and 16 g 
of oxygen, he knows he is dealing with the 
same number of atoms of each, one atom of 


mtrogen for each atom of oxygen In most 
of hiS work, thcicfore, he uses weights con- 
taining the same numbei of atoms of differ- 
ent elements; when these weights aie ex- 
pressed in giaras, they are called giam- 
atomic weights. The gr am-aionne weight of 
any elemmi is the weight (m qratm) of that 
element that contains the same nmnhn of 
atoms as 16 grams of or ggeii Fur mtrugen, 
the gram atomic Aveight is 14 g 

17 Molecular and Gram Molecular Weights 
Each molecule of a compound contains a 
definite number of atoms of oaeh element in 
the compound We should also romemboi 
that thcie arc molecules of (demenls and 
that these may, and usiiallv do, cuii<.aiu two 
01 more atoms of the same Icind 1 he weight 
of any molecule can be coinpau’d with the 
Aveight of an atom of oxygen on the same 
scale as the weights of dilferout kinds of 
atoms On this scale the molc'cular weight 
ot a substance is a muuhc'r that rcqnesents 
the weight of one inoh'cule of the substance 
as compaied with the numbei 16, which 
repiosents the weight of an atiniv of oxygen 
The gram-molecular weight of a suhslance 
{element or compound) is the weight, in grams, 
oi the substance that contains the same number 
of molecules as the mwnliei of atoms in 16 g 
of oxygen 

18. Why IS 14 Accepted as the Correct Atomic 
Weight of Nitrogen? 

If we could work with single moh'culos of 
compounds, we could analyze moh'culc's of 
different compounds of an element -- let us 
say, of nitrogen In some of Lhesi' mok'cules 
we would find one atom of niti ogen , and in 
othcistwo, thiee, ioui, oi some other number 
of atoms The smallest quantity ol mtiogcn 
found in a molecule of any nitrogen com- 
pound would be one atom, and if this quan- 
tity could be Aveighed, we could determme 
the exact weight of one atom of the element. 
But we cannot analyze smgle molecules, and 
we cannot weigh single atoms. We can, how- 
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ever, analyze Kram-moloeular weightH of 
compoundH, .since l.hese weights are ot sue.h 
magnitude that they can he mwiauri'd ac- 
curately on the e.hc'inieal hahiiuie By such 
analy.ses, we can deteiinino tlu' weights of 
nitrogen in grain-inoleeulai weight, s of its 
different eonipoimds .Inst as a inolee.iile 
contains one, two, or some whole nuniher of 
atoms, a gram-iuoleeiilai weight eoiiUuns 
one, two, 01 some whole iiiuiiher of giiuii- 
atomio weights of nitiogim If we analyze 
a sufficient numhei ol eompounds m thm 
mannei, the .smallest weight of mtiogen 
found m one giam-moleeuhu weight ot any 
of its compounds should he one giam-atoniic 
weight; the weights of ml.iogeti m grani- 
molcciilai w'eights ol othei eompouiuls 
should he nmltiiiles ot this weight (1, 2, d, 
or some whole immliei of aloime wmghl.s). 

Although a full discussion ot th(> iiH'l.hod.s 
used to deteimme the giam-iiioleculai 
weights of suhslanees must he delmied until 
a later cliapter fsei' Chapter !l), we niay say 
a few wolds almul (he sulijeet at this time 
For .suhslanees in the gaseous state, thei(> i.s 
convmcuig evuleiiee that equal volumes of 
diiTorent .suhslanees <'onl!un tlie same num- 
ber of molecules, at- the .same tempeiatiue 
and pie.ssuie lliuice, (he weighls ol siiigh' 
inoleeules of two dilTeieiil gaseous sub- 
stances will 1)0 111 the same ratio as the 
uclghts of equal lolumes of the' two gases 
Since the molecule ol oxygen eoiitains two 
atoms (see page dl), the weight ot tlie oxy- 
gen molecule is ie])ieseiited liy thi' iiumhei 
32 as eompaied to Hi wliieli ii'iiiesents the 
weight of an atom ol oxvgen in thi' sealo 
of lelativi' weiglils ol aloms, d2 g. is llieie- 
foio tile giiim-mnleeiilur weight ol oxygen 



To land the gram-nioleculai weight of any 
othei gas, we need only to deteimme the 
weight of a volume of that gas equal to the 
volume occupied, at the same tempeiature 
and preasuie, by 32 g ot oxygen 
The gram-moleculai weight of a ceitain 
oxide of nitiogon, as detormniod by the 
method de.scnhed above, is 30 g,, and each 
niuleculo of this compound weighs, thcic- 
fore, d()/16 as much as the oxygen atom 
When we analyze this compound, wo find 
that a gram-moloculai weight (dO g ) of it 
contam.s 16 g of oxygen and 14 g of nitio- 
gcu If we should analyze all t-he available 
compounds of mtiogen, wo would find 14 
giams, or some mulliplo ot 1 4 giams, of mti o- 
goii 111 one giam-moleculai weight of each 
compound As eompaied with 16 foi oxygmi, 
thcrcfoic, the smallest weight (the atom) of 
nitiogon ovei ioimd m moleculai winghts of 
its compounds is repiesonted by the number 
14, (he atomic weight flffiis atomic weight 
eaniiot be 7 because 7 g , 21 g , 3,5 g , etc , oi 
mtiogen arc mwoi lomid in tlic gram-mole- 
ciilai weight oi any mtiogen compound Wo 
can now undei .stand wtiy 14, and not 7 oi 
some otliei sub-multiple oi multiple of 14, 
IS tliG munbor assigned to ml logon in ex- 
lilaiiung the Law of Combmuig Proportions 

19 The Atomic Weight of Hydrogen 

Having accepted 16 as the atomic Aveiglit 
of oxygen, wo can dotminine the atomic 
weight of hydiogcn by the following hue ol 
leasoniiig The two elements comliiiu' m 
the latio of 8 pails, by weight., of oxygen to 
I 008 jiaitsol liyihogen We also know (.si'o 
jiage 40) tliat, in lotimng wal.ei, two atoms 
ol hydiogi'ii eomluiio with oni' ol oxygen. 



Figure 15 Weights of Nitrogen in Gram-Molecular Weights of Four Nitrogen Compounds 
In o gram-molecular weight of any compound of nitrogen there is 14 g , or some multiple of 14 g of nitrogen 
The gram-atomic weight of nitrogen, therefore, Is 14 g 
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This means that there must be twice as many 
atoms in 1 008 pails of hydiogon as theie aie 
m 8 parts of oxygen, or the same mimbei of 
atoms in 1 008 parts of hydiogen and 16 
parts of oxygen Hence, if we decide to fix 
the atomic weight of oxygen as 16, the 
atomic weight of hydi ogen must be 1 008 on 
the same scale 

As fiirthci evidence that the atomic weight 
of hydrogen is 1 008 we find that the smallest 
i\ eight of hydiogen evoi found in one giam- 
moleculai weight of any of its compounds 
is 1 008 g 'J'hua, the moleculai iveight of 
water is 18 016 Now, as shown by analysis, 
18 016 g of water contains 2 016 g of hydio- 
gen and 16 g of oxygen The molecular 
weights of othei compounds contain 1 008, 
3 024, 4 032, oi some othei multiple of 1 008 
paitb of hydrogen Hence theie can be no 
doubt that, as compaied with 16 foi oxygen, 
the weight of the smallest poition of hydio- 
gen that reacts to foim compounds must be 
1 epresented by 1 008 This, by oui definition 
of an atom, must thcicfore be the atomic 
weight of hydiogen 

20 Of What Value Are Atomic Weights* 

The chemist uses his knowledge of the 
atomic weights of the elements in many 
ways Let us considei two piactical appli- 
cations 

(1) How much oxygen must be used to 
conveit 12 g of caibon into caibon dioxide'? 
The chemist knows that tins compound con- 
tains two atoms of oxygen foi each atom of 
caibon He also knows that the giam- 
atomic weights of caibon and oxygen aie 
12 g and 16 g , lespectively Therefoie, ho 
finds that foi 12 g of caibon he must use 
32 g of oxygon If he laboiod undei the 
ouoncous impiession that the atomic weight 
of caibon is 6, then he would make the mis- 
take of using twice as much oxygen as he 
should use, because m that case he would 
assume that 64 g of ox^"gen would be lo- 
qimed to piovide twiec as many atonm as 
aie contained in 12 g of caibon 

(2) In building up, or synthesizing, a new 


compound the chemist must know the ele- 
ments that compose the compound, the num- 
ber of atoms of each elomenl in a molecule, 
and the sti'uctuie of the compound — how 
the atoms aie aiianged in ihe molecules To 
detciiiiine the propoitions in which the 
atoms are combined he must know thi' 
atomic weights of the elements To illus- 
trate, let us assume that, the analysis of 
methyl alcohol shows that it. contains 12 
parts, by weight, of carbon and 4 032 paits 
of hydiogen for 16 parts of oxygon If the 
chcmisL knows that the atomic weights are 
12 foi caibon, 1 008 for hydiogen, and 16 foi 
oxygen, then he also knows that for each atom 
of oxygen m the compound thcic is one atom 
of caibon and four of hydrogen If, how- 
ovei, he labored undm the mistaken idea that 
the atomic weight of caibon is 6 instead of 
12, he ivould conclude that foi each atom of 
oxygen the compound contains t.wo atoms 
of caibon and four of liydiogen 

SYMBOLS, FORMULAS, AND EQUATIONS 

As indicated carhei in this ehaiitei (sei' 
page 40), we know' that, two atoms of hydro- 
gen combine ivitli one atom of oxygen to 
pioduce one molecule of water Instead ol 
wilting out a statement, as we have just, 
done, to dcsciibc a chemical reaction, the' 
chemist uses an equal ion consisting of certain 
symbols and foimulas The symbol lepie- 
sents one atom of the element, II stands for 
one atom of hydrogen A coraiilete list of 
the symbols of the elements w'lll bo found on 
the inside of the fiont covia ot Ibis book 
One atom of hydiogen is lepiesented bv IT, 
tw'o atoms by 2 H, and so on A loi inula 
lepieseiith a molecule Thus, TL is the foi- 
miila foi a molecule of hvcUogeu, it shows 
that a inoleeule is composed of tw'o atoms 
The tonniila, ILO, shows that each molecule 
of walet is composed of two atoms ol hydi ei- 
gen and one atom of oxygen As oi dinar ilv 
used 111 the laboialoiy, oi wheievei a chi'inist 
must Avoik with definite quantities ol diffei- 
ent substances, a symbol, such as IT, lepie- 



SYMBOLS, FORMULAS, 

gents one p;ifim-atoniic wf'ipilit of an (‘lenicnf., 
and a foraiuln, "-ni'h IIo or II^O, oiio 
giam-moleciilai wcikIiI ol a sul)slaiic(‘ 

111 equaliouK, t-lic lornmlas of t.h(> nioli*- 
cules of the reacting suhslanccs (( 1 k> Mih- 
Stanms that we have m I he lirfiininiiK) ai(> 
placed on tlie lell and llios(> nf the piodiieta 
of the reaction are placod oii (lie nuld 'I'he 
numhor of inoleeuleM ol eaidi ^iihsiance (left, 
and light) nuisl he stieh (hid (hi'ie will he 
the same iminhi'i ot a(onis ol ivudi element 
on both Sides We mi}>;h( w i i(e an e(|iia(,ioii 
to show the loimalnm ol watm liom hydio- 
gonand owgeii as follow, s. 

2 11 I t) — >-TI.O 

But the iiKileeiiles ol li\diof!;eii and ownen, 
ivhieh ai(' the smullesl pin (a les ot (li('s(> ele- 
ments that e\is( fre(‘ in iinliiK', eontam (wo 
atoms each' II 2 . d'lie eqnniion, theie- 
foic, should .show sneli iiuitieles ol owKen 
and hydros'll, lathei thiiii single atoms, us 
entering the reaelioii 

2 Il . j-f (). — )-2 11,0 

By writing (he 2 heloie I hi and also heloie 
lIjO, WT sliow that 2 nioleenles ol hvdiogen 
react W'llh one moleeiile ol owgeii to loim 
two moleeiiles of walei dins e(|ua(ioii is 
balanced heeaiise theie is (he snme mmihei 

00 OD^QO-C^ 

Figure 16 The Reaction of Two Moioculas of 
Hydrogen [Hi) with One Molecule of Oxygon 
(0^) to Farm Two Moloculoa of Water, (H„0} 

of atoms of eaeh elemenl on eaeli .side ol Ihe 
oqualioii 11 (he equal mn weie not 111 lial- 
ancc, il.s sliUeiiienI would he roidiaiy to llio 
Law of the (Ioiisim valioii ol Mass 

Review Exercises 

1. Dcseiihe an expci iiiient hy means ef winch 
the eoinl lining pi opei lions ol non and oxygen 
could be detei milled 

2 Show that the lollowiiig data aic m aecoid 
with the Law of t'oiiiliiiiing Piopoitions 


AND EQUATIONS 47 

(a) G g of cai bon combines with 8 g. of oxy- 
gen to frnin eaihoii moiiexide 
(/)) 4 g of caibon eoinbiiies with lOH g. of 
oxygen to foiin caibon dioxide 
(r) 3 g. of hydiogon comlnnos with 24 g of 
oxygfMi to foiin wafer 

(</) 20 g ol eaihon is conihined with g 
ol hyiliegeii 111 methane 
(c) 8 g of eaihon is eoinbiiicd with 2 g. of 
liyduigen m ethuno. 

(!) 12 g of eaihon is conihined with 1 g of 
hydiogcn in hcnacnc 

(//) a g ol caibon, IK g of hydiogcn, and 
SK g of oxygen are combined in ethyl 
alcohol 

Assume that the nuinber.s assigned to caibon, 
oxygen, and liydiogcn aie 12, 10, and 1, ic- 
spectn ely 

3 Show that the data of (a) and (h) of (pie.stion 2 
aie in aceoiil with Ihe Law of Multiple Pio- 
lioitious 

4 Coppej foiiiis two oxides One of these con- 
tains ,SHS3 pel eeiil, of topper and the othei 
7tM)() pet eeiit Show that the I, aw of Miil- 
Uple Pioiioi lions applies to these compounds. 

5 Show that the eoinhiiiing piopoitions (by 
weight) of nitiogi'ii and oxygen in the follow- 
ing compounds can he icpiosented (without 
ehaiigmg the values of the ratios) by using 14 
pints foi mtiogeii and IG paits foi oxygon oi 
iiiLegial multiples of these numbers 

tilMBININCi PitOl’ORTIONa 


NiUogen 

Oxygon 

7 

8 

14 

24 

7 

10 

28 

80 


G .\iiange the data m question .q (without 
ehiuigiug the values ol the i alios) to ilhistiale 
die Law ol Mullqile I’loiioilions 

7 Distinguish between a molecule and an atom 
ol ail element, 

8 Siimiuml/.e the cvidenee which iiidioatcH that 
iiiattei is disconUnuoiis lalliei than coiitmu- 
oun, 

9 Suminauze the mam points in Dalton’s 
atomic thcoiy 

10 With the help of the atomic theory, explain 
each of the laws of chermcal combination 
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11 Upon what evidence are parts 2, 4, and 5 
(see page 35) of Dalton’s atomic theory 
based’ 

12. Dalton believed that in water theie was one 
oxygen atom foi each atom of hydiogen 
With what statement in liis theoiy did tins 
opinion agree? 

13. If this assumption (question 12) were conect, 
what would be the atomic weight of hydio- 
gen, if 16 were accepted as the atomic weight 
of oxygen? What would be the atomic 
weight of oxygen if the atomic weight of hy- 
drogen were arbitrarily fixed at 1’ 

14. We now know that two atoms of hydrogen 
combine with each atom of oxygen in forming 
water Show the line of reasoning that may 
be followed in finding the present accepted 
atomic weight of hydrogen, if 16 is taken as 
the atomic weight of oxygen, 

15. Why is 16 for oxygen a convenient basis for 
the atomic weights of all the elements’ 

16. Wliat do we mean when we say that the 
atomic weight of an element is 32’ 

17 What would be the atomic weight of tins 
element (question 16) if the atomic weight of 
oxygen had been fixed at 64 instead of 16? 

18. Why is 16 preferred to 64 as the atomic weight 
of oxygen m establishing a scale for the atomic 
weights of other elements’ 

19. Define atomic weight and gram-atomic 
weight of an element, molecular and giam- 
molccular weight of a compound 

20 Is there any iea,son why Dalton should have 
considered point 7 in the atomic thcoiy (see 
page 35) as a likely assumption? Explain 


21. Wliy is 14, rather than 7 or 28, accepted as 
the atomic weight of mtiogen? 

22 Of what value is information coiiceniing the 
atomic weights of the elements? 

23. Any weights of two elements that aie in the 
.same latio as the atomic weights of the ele- 
ments, contain the same iiiirahei' of atoms, 
Is this statement tiiie? fixiilain 

24 Do 3 5 g of nitrogen and 4 g of oxygon con- 
tain the same number of atoms? Justify your 
answei 

25. What weight of mtiogen is comhnipd with 50 
grams of oxygen in a compomid ni which 
there aie two atoms of mtiogen foi each atom 
of oiygen? 

23 How is tlie cm lent concept of the atom dif- 
foient fioin Dalton's? 
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STRUCTURES OF ATOMS 
AND MOLECULES 


y/tf'w pnimtwe particles, being solids, are ... . 
so very hai d as never to wear oi break in pieces, 
no ordinary power being able to divide what 
God Himself made one in the first creation 

NEWTON 


1 IntroducHon 

Diillon'.s lilu'oiv (fare alinosl, no chics to 
Iho auHwci.s loi sc\(‘i!il ([la'stum.s aliout the 
combination ol (‘IcinciiK to loim coniiioiinds 
and about (lillci'cnccc iii lh(> pioiu'rtu'H of tlii' 
clemouta llunusclvcs Tlu'sc qucslious Uavc 
not yi't Iiccii iiiiswcicil to our couiplcti* .satis- 
faction, but (luiiciit views of llic .sUucluich 
of atoiins make po'-sililc icasoiuiblc cxiilaua- 
tioiiH that au) vciy iisclul in tlu' study of the 


('h'liK'nts and thou compounds Some ques- 
tions of tliis kirifl that wo shall be concerned 
w'lth in this chapter aie , 

(«) Why docs one element not leaot with all 
ollu'Ih? 

(/») Why does one atom of a !i,ivon element leact 
with one atom of a second, with two of a thiid, 
and with throe of a fourth? 

(c) How do atoms combine’ What forces hold 
the atoms of n molecule together? 


THE STRUCTURE OF THE ATOM 


Wo cannot itivc licic a lull account ol the 
structiiic ol alouis or ol tlu' compound.s that 
they foini Wi' shall, liowevci, siiniinauzc 
some of the inosi unpoitant sl.iuctiiral fca- 
tiiies of atoms, as thi'y aic now' undcistood, 
hecaubc .some such backKiouml mfoimalion 
mil be gieatly luashsl in the pages that 
follow hiiilliei (h'tails, and pailiculailv (he 
evidence upon which oiu coiicc'pts ol stiuc- 
turo ai(‘ based, together with desciiptions ol 
the iiu'thoils hy winch Hueli eyideiiee has 
been gathered, will be left loi latei ehaptei’s 

2. The Structural Units of the Atom 
In Dallon’s day, and tliioiighout the nine- 
teenth eenluiy, an atom was ii'gaided as a 
“simple', solid, haul, iiupi'iietiahle, dm able 
paitiele ’’ We now know' that an atom luus 
a veiy complex, porous, and penetrable 
stiuctuie (Figure 17) Instead of being a 


haid, solid paitielo, it contains (except for 
the liydiogen atom) three kinds of particles 
— (ieclions, protons, and neutrons — and 
these occupy only a poition of the whole 
space of the atom The electron is a unit of 
negative electrical chaige. The positively 
chaiged atom ot hydiogen is a pioton; the 
hydrogen atom contains only one electron 



Figure 17 The Structure of an Atom of Neon (left) 
and of an Atom of Hydrogen (right) 

The circle in the center represents the nucleus The small 
circles represent planetary electrons Those electrons m 
the same ring revolve in similar orbits 
49 
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and one pioton, and when the election is re- 
moved from the atom, only the proton re- 
mains. Since the election’s weight is almost 
negligible, the mass of the proton is veiy 
neaily equal to the mass of the hydiogen 
atom, the mass of the election is only 1/1845 
as gicat The electrical charge of the proton 
IS equal in magnitude to the chaige of the 
electron, but it has the opposite sign (-b in- 
stead of — ) The neuti on has no chai ge, and 
its mass is appioximately equal to that of the 
proton 

3. General Plan of the Atom's Structure 

The nucleus at the center of an atom con- 
tains all the piotons and ncutions of the 
atom’ s sti Lietui e The n ucleus of the hydi o- 
gen atom, as already stated, is one pioton 
The nucleus, therefore, is always positively 
charged, and its total charge, as eompaied 
with the chaige ot one election, is equal to 
the numbei of piotons that it contains 
"Withm the nucleus protons and neutrons 
may exist either singly oi m small gioups 
consisting of both kinds of particles 

A sufficient numbei of electrons to balance 
the number ot piotons in the nucleus make 
up the lemaindcr of the atom’s stiuctuie 
This must he tiue, since the atom, as a 
whole, IS electrically neuti al The electrons 
make up the outei poition of the atom, and 
aie thought to revolve m oibits of various 
sizes and lor ms, some circular and some elhp- 
tical Accoidmg to this picture, the atom 
resembles a miniature solai system, ivith the 
nucleus acting as the sun and the electrons as 
planets The elections and the nucleus aic 
vciy small as compared with the size of the 
atom, which therefore, must be composed 
largely of empty space 

4. The Mass of an Atom 

The mass of an electron is 0 00055, as com- 
paied with 16 foi the mass of an atom of 
oxygen, the mass ot a pioton is 1 00758, and 
that of the neutron i.y 1 00893 on the same 
scale The mass oj the aloin viusl depend al- 
mosL cnliiely upon the number of pwlons and 




Figure 18 The Structures of Atoms 
of Hydrogen and Helium 

neutrons in its nucleus Since each of these 
particles has a mass of 1 appioximately (as 
eompaied with 16 foi the oxygen atom), the 
mass of any atom, on the same scale, is rep- 
resented roughly by a numbei equal to the 
sum of the numbei of piotons and the num- 
ber of neutrons in its nucleus This numboi 
is called the mass numbei of the element 
composed of this kind of atom The atom 
of hydi ogen is the simplest of all the atoms 
Its neucleiis is a single pioton, and the mass 
of the atom (1 008) is the mass of this pi oton 
The nucleus of the helium atom (mass 4) 
contains two neuti ons and two protons 
Similaily, we may assume that the nucleus 
of the oxygon atom (mass 16) contains 8 
neutrons and 8 protons 

5 Atornic Numbers of the Elements 

The numbei of units of positive chaige ' 
associated with the nucleus of an atom is 
determined by the number of piotons that 
the nucleus contains There at c methods by 
which the chaige of the nucleus can be de- 
toimmed — one of those will bo de.sciibed 
111 Chapter 18 and Iheicdoie the inimlier 
of piotons in the nuclei oi dilfeient kinds of 
atoms can also be deter mmcci It is lound 
that this number ranges from one loi the 
hydiogen atom to 96 lor the cuiium atom 
Tlcncc, the element can be aruingod in a 
senes that begins with hydrogen and ends 
until cuiium and in which the atoms of any 
element contain one more pioton each than 

It will lie lenillod that the clcit-on cuiiies otic 
unit of negative ehaigo The chaige of a pioton is 
also one unit, but it has a -|- instead of a - sign 
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the atoms of Hio pioeoilitiK olonimit,. Tlio 
nuralx'T of on ('li'inmil iu lln.s sciic-^ m millod 
its alomic uiiinhi'r 'I'lic afoiuic nuinli(>i ol 
any elemoiit is tfio Munc tlio nunilK'r ol 
piotoiism llio Iltll•lI'U^ of nil atom of (hat olo- 
monl, and a)no Dm NUiiir as llic iiiimhor ol 
clofitrons m an a loin, siiiro (lie nuinhor of 
oleclrons is llm saino as (lie iiiiiiilifi of pio- 
tons (page d<>J 

6, Isotopes 

On page Ho mi'iiliom'il I lie I'xistoucc ol 
cliffeiciit kinds of aloiiis ol I lio same ('Imiiciil 
Those atoms dilfor in (lien i (dal no ma\s(>.s 
ascompaicd to a mass ol 1(1 Im (ho atom ol 
oxygen, km cliloiinc, mo liiid two vaiiolios 
of atoms, and tlu'sc liavo masses of ,'U !)7‘)(i 
and 3(1 1)777, \ (duos tlial aicvcm (loselolhe 
whole nuinlii'is 3.') and .17 Snmiaih, tluai' 
are dill e ion I Miiiclies ol idonis ol Ivnploii, 
Ihcscluive U'laliv o masses laiigmg liom 7.S In 
8G (appioxiande) Theie aie llnee varietii'S 
of the atoms ot o\\gen, (hiee ol hydrogen 
andlwioi moieol man\ ol her elomeiils. 

The varielies ol aloinslhal dillm' in atomie 
weight, 1ml ollierwise ha\e ideal leal (m veiy 
nearly idi'iitieal) piopmlies, aie known as 
atoms of the dilleieiil iso/o/a.s ol an element 
The atoms ol Ihe isolopesot an element con- 
tain the same mimhei ol piotoiis in their 
nuclei and Ihe same mmiliei ol eh'elimis 
Isotopes hii\e, theieloie, the .same atomic 
numher, Ilowmei, llaai aloiiis eonlaiii dil- 
fereiit muuheis ol neutimis, and hence they 
have difieient aloniio weights 'Fhe wliole 
numher luauest the iilomie, weight ol an iso- 


Figure 19 Atomi of the Tv/o Isotopes of Chlorine 
Because of different numbers of neutrons in the nuclei of 


topic variety of an element is called the mass 
number It is (‘(jnal to the sum ol the iiuin- 
h(‘r.s ot jnotons and neutioiis in the atomic 
nue.lous The stuictures of atoms of the 
t.wo isotopes of chloiine arc shown in Fig- 
IIK’ i!) T'h(‘ atoms ol (he isotope of mass 

iiuiiiher 37 eontiim two more neutrons than 
the atoms ol the olihei isotope. 

T'lie aloinm wu'ight ol an element, as calcu- 
lated from data obtained by chemical meth- 
ods (page d.'i), repie.sents actmdly the av- 
eiage wxught ol all the varieties of atoms 
that compose the element as compaied to 
till' weight of an atom of oxygen ^ Since the 
avmage atomic weight is constant, the diffei- 
eiil isotop(>s of an elmncnt must always he 
mi\(‘(l in the same piopoil.ion, wdiatever the 
.source ol Ihe ekum'nt inav b(' 

It .should he noted that the avei age atomic 
weight is mil siiuplvtho avc'iiigiMif (he atomie 
wmglils ol llu' (hlh'K'iit isotojics The nuin- 
hei of atoms of the dilfmeut isotopes must 
also he consideied The aveiage atomie 
weight of ehloiiiK', foi ('\ample, is not the 
in ('rage of 3.') and 37 It is a weighted av- 
erage tliat (idees into account the relative 
iiumliers ol (‘iieh kind of atom piesi'nt m a 
suiuple ol ('him iiu' Sme(' the av('iage atomie 
weight IS 3.') -1(), tlu'ie must he appioMinately 
llnee aloms ol ma.ss mimh('r 3.'5 foi each atom 
ol mass nunihei 37 m any sample ol the ele- 

llU'Ht. 

7 The Arrangement of Electrons in the Atom 

TTie elections ol an atom possess diifoK'iit 
amounts ol eiieigy, and tliercfoic i evolve 

1 On Uie Bdile of atomie weiuhtH, the weight of an 
atom ol oxygen m leiiroHenl.ed by the luiinhei 1(1 
Ae(,iiiillv, tlieie am lliiee isolopoH of oxygen, and 
UicBO have atoniic weigliLs of 11), 17, and IS TIk' 
minihoi of aUitim ot the laotoiiCH having atomic 
weights of 17 and IS m so amall that we may (oo- 
Hidei the avi'iage atomic weight of oxygen as Hi 
without mtioduumg any serious oiior m the use of 
(he Slide of alomu weights foi all elements 'J'he 
musses of the two isotopes of (hlonne as staled iii 
Seetion U lue based upon an atomie weight of Ki 
for the most aliundaril isotope of oxygen These 
values are therefore slightly different from those that 
would be obtained if 16 were assigneil as the weight 
of the avei‘>"'e atom of oxygen 
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around the nucleus m orbits of different size 
and shapes In the noimal condition of the 
atom, each electron possesses a definite quan- 
tity of energy and rotates in a definite mbit 
In general, the normal state of the atom is 
one in which all the elections of the atom 
are revolving m orbits that coirespond to the 
minimum amount of eneigy that they can 
possess If an electron absorbs energy 
from a beam of X-raya, foi example — it 
can then revolve in a larger orbit, but if this 
happens, the resulting state must be consid- 
ered as an abnoimal condition of the atom 
The electron that has moved into a laiger 
01 bit — and consequently farther away fioin 
the nucleus — will tend to move back again 
into its original orbit, and when it does so it 
will release its surplus eneigy as light or as 
some other form of radiant eneigy 

The orbits in which the elections of an 
atom rotate appear to be divided into veiy 
definite groups For example, eveiy atom, 
except the atom of hydrogen, contains two 
electrons that revolve in orbits of the fiist 
group, and not more than two elections can 
occupy orbits of this group at the same time. 
These are the orbits that lie closest to the 
nucleus, have the smallest diameters, and 
contain electrons that possess the smallest 
amounts of eneigy When we consider the 
atoms of lithium, which contain three elec- 
trons each, we find that the “thud” election 
is more easily removed from an atom than 
either of the other two It must, therefore, 
he farther away fiom the nucleus, must ro- 
tate m a larger orbit, and must possess more 
energy than the two other elections Conse- 
quently, less energy is required to sepaiate it 
completely from the atom, and foi that lea- 
son it is more easily removed We say that 
it rotates m an orbit of the second group 
Atoms of the next seven elements, in the 
order of atomic numbers — beiyllium, boron, 
and so on — contain, respectively, 2, 3, 4, 5, 
6, 7, and 8 electrons in the second group; 
and, of course, each also contains two in the 
first group. (See Figures 20-28.) The 
orbits of the second group differ only slightly 
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Figures 20-28 Structures of Atoms 

Helium (20), lithium (21), beryllium (22), boron (23), 
corbon (24), nitrogen (25), oxygen (26), fluorine (27), 
neon (28) 

fiom one another, but they all differ a 
great deal from those of group one, i o , 
then diameters aie considerably gieater 
The electrons in these orbits possess much 
moie eneigy and are more easily removed 
fiom the atoms than the two elections ol the 
fiist group The second gioup appears to be 
filled when it contains eight electrons, as it 
does in the atom of neon We reach this con- 
clusion because the structure of this atom ap- 
pears to bo veiy stable, and because in the 
atom that contains one more election — 
sodium, Figure 29 — the additional electron 
appears to enter an orbit that belongs to a 
thii d group It is much moi e easily removed 
fiom the atom than any of the eight cloctr ons 
of the second group oi eithei of the two in the 
fiist group 

As moie and moie elections aic added in 
the heavier atoms, other gioiips of oilnt.s are 
filled See Table 3 and Figuics 29-37 

Tlie number of elections lequiiod to fill 
each of the fiist four groups is shown below- 
Maximum No of 

Group Electrons m the Group 

1 2 

2 8 

3 18 

4 32 
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Figures 29-37 Structures o( Atoms 
Sodium (29), maanosium (30), aluminum (31), silicon (32), 
phosphorus (33), sulfur (34); chlorine (35); argon (36); 
potassium (37) 

For convcjiioiicc oiilv, il Ls ctislomury (.o 
show till' ('li'clrUiiih (lm( iitliilc luuuivil (!»' 
nuclcuh m siinihu iiiluls (litU licltut^ lo 
the same piniiip -- iis siimll eiicli'h loe.iletl on 
acomimm 1111(5, 01 eiiele, tin hliown 111 l'’i(;iire 
37 . We .slioulil keep lit ninid, liouevci, liiiil, 
each election rol, ale's In il-, own oilnl, nnil 
that thew' oi1iil-s lie in dilleienl, phun'f', in- 
stead of tlu' Mn(>,le phiuc imed in oui dia- 
grams Hinei' (‘lettioiis io(;din(!; in dillei- 
ent orbits jiD-'ses', dilloieid (umiddies of 
energy, we soineliini's ii-fin in (he dilTeienI, 
gioiips of 01 bits in wbieb eleelioim rotate 
about the nueleus as (be dilleient eiierj^y 
levels of the aloin 

8. Distribution of Electrons in Atoms Containing 
More than Two Groups 
For Rioup one, i( a])pi':iis (bat Ihi' ma\i- 
mum iiuiiiber ol elei Irons Ibal inav be pies- 
ent is two h’oi fiioiip Iwo, llie niiLxinnmi 
numbei is eiftlit A (rioup oi eif^ht elections 
appears to have a lu(i;li de(>:ieo ol .stability, 
and the behavior of atoms and all other 
available iiifoiiualion indicates that the oiit- 


OF THE ATOM 

eimosl gin up nf elections of any atom cannot 
contain moi c than this number 

lienee, as .soon as the outside group has 
eight elections in it, as it doe,s in neon, the 
next electrons go into the next higher group 
(l''igure.s 29 - 37 ) It will also be noted 
(Figiiio 37 ) that, as .soon as the third gioup 
eontaiiiH eight elections, the next electron 
goes into an orbit of gioup four, although 
the thud gioup is not filled completely until 
it contani.s eighteen electrons The next 
clcetion (caleium) also goes into the fouith 
group (see Tiiblo 3 ), but in the atoms of the 
nexi .soveinl elements (scandium to zinc) 
l.h(> additional electrons go into gioup three 
until the niimhei in that group icaclies 
eighteen, and the gioup is filled The next 
SIX clcetion.s (gallium to kiypLon) join the 
tw’o elections alieady located in the fouith 
gioup until the total niimbei in that gioup is 
('ight, the maxinuim numbei that can be lo- 
cal, (>d 111 an outermost group The next two 
eli'ctioiw go into mints of the fifth gioup 
(riiindmm and .stiontiuni) Table 3 shows 
the disl.nbution of ohu'iions m the (hlfeient 
levels of till' atoms oi the fir.st forty olomonts 
'’i'll!' stiuetuies ol otliei elements aie dis- 
cussed 111 tihaptor 18 

9 One Way in which Atoms may React to 
Form Compounds 

When atoms ol one element react with the 
atoms of one oi mote othci elements to foim 
a eomponnd, it is the electrons in the outer- 
most levels of the atoms that aie involved in 
till* eliangi' ^ In these reactions each atom 
U'lids to ehango in such a way that a stable 
outermost group of eleebons will he pio- 
dueed 'riiis stalnlity may he, obtained by 
some atoms if tlu'y lose to otheis all tlu' oloe- 
troiis 111 their oiiUmnost gioup, thus leaving 
as the exterior poilion of ihcii struetuics the 
stable arrangement of elections alieady exist- 
ing 111 the next lower gioup Foi example, 
an atom of lithium can attain stability by 

^ For some elements, such as coppei for which the 
distribution is 2-8-18-1 (Table 13), an electron in the 
gioup next to the outside one may be involved 
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Distribution of Electrons in Atomic Energy Levels 
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Figuro 38 Tho Reaction of on Atom of Sodium 
with on Atom of Chlorine 
One electron u transferred 

loKing Ihc sniffle (‘Icclnm I lull i( luis in group 
two, UuiK It'iivuiK (III ilH cxlcriuil '^uiiaco Uio. 
two eloclious ol gioiip OIK' Sinularly, t.lin 
sodmm iilom ^m11 Iom' iN single elecliou of 
gioup Ihi’i'O, leiiMiig ('xpoM'd l.o evteiiuil in- 
fluence’s the slulili’ giou|) ol eight elections in 
group 1"'> 

If one nloin m ;i reuelion loses (‘h-etrons, 
it must do so lieoui^e some olliei aloin lakes 
them awu\ lioin i( , and hence we must as- 
sume, thni ceiliuii aloins (an allain staluhiv 
by ac(iiuiuig ele( I roll'' 'I'lie'-e aie llu' atoms 
that alu’adv ha\e almost enough elections 
to iiroduee a slahle onleimosi gioup 'I'he 
fluoiiiK’ atom, toi e\ample, eontaiiis sevi'ii 
elect-ioiis in group I wo It ran at Inin slahil- 
ily if ill a( ((lilies one mole liom an atom 
that has ouK one m iK ouleimost gioup, foi 
examiik’ and lliiis [uodiiees a groii|) of 
eight 'I’he hidiogeii alom with onlv one 
clc( troll can piodiiee a ''(alile gioup eoiitain- 
iiig tw'o ('led I (Ills 1)\ lemming an eleelum 
horn some olhei alom, usually, liow’ev'er, 
thehvdiogen alom lose'' its ele( lion losomo 
uthei alom Helium with two ek'd ions in 
gioup one, neon with eight in gump two, 



Figure 39 Tho Reacliorr of Ona Alom of Mognoiium 
with Two Atoms of Chlorine 


and argon with eight in group thice alieady 
possess stable ouleimost gioups, and then 
atoms, theiefoie, show almost no tendency 
to react with others 

Thus, in their loactions, some atoms will 
lose eleetions and others will a(‘((uuc them 
I he mimher of eleetions that an atom loses 
01 gams depends upon the numbci in tho 
oiiti'miost gionp of the atom If fins gioup 
eontains one, two, or thice elections, tho 
atom is more likely to lose those to other 
al.oins that attract them than it is to aequiie 
a sufficient numbci to complete the group ol 
eight, whieh is, usually, the numbci that 
ean oeeiiiiy orbits in the outcunost group 
II, on the other hand, the nntermo.st group 
eontains six or seven elections, the tendency 
to aefpnre, fiom other atoms, two or one 
elections to complete a group of eight 
piedoinmaios 



Figure 40 Tho Reaclion of Two Atomi of Sodium 
wllh One Alom of Sulfur 
Two electrons are transferred 

All atom that gains oi loses eleetions ae- 
qunes an eleetueal eluuge If one olei tion 
IS removed Irom an atom in tlie inamiei de- 
.seiihed above, the atom will eontaiii one 
more (iroton than the nunihci of elections 
H'liuiming and, theri’loie, will have as a 
wlml(> one unit ol posdwe cliaige The atom 
that aeiiiuiGS the election will (lossess as a 
whole one unit of negative chaigc, boeaiisci 
it will eoiitam one more election than the 
ininiher of piutons m its nucleus The two 
chaiged pai tides lesultmg fiom the transfer 
of lui election tiom one atom to anothci will 
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Figure 41. The Reaction of One Atom of Magnetlum 
with Ono Atom of Sulfur 

attract each other because of their unlike 
charges. This attraction explains one way 
in which the atoms of elements can be held 
together m compounds 

The number of units of charge acquired 
by atoms as a result of electron-transfers 
depends upon the number of electrons that 
the atom loses or gains For example, if an 
atom of element A, which can lose two elec- 
trons because it has only two in its outside 
level or group, reacts with atoms of element 
B, which contain seven electrons m the out- 
side level, and which therefore can acquire 
only one more, the two electrons from one 
atom of A must go to two atoms of B 
Thus an atom of A carrying two units of 
positive charge and two atoms of B, each 
carrying one unit of negative charge, result 
from the reaction We can represent the 
compound that is formed as A^Br or 
-b 2 B~) (see Figure 39) 

10 Metals and Non-Metals 

The atoms of the metallic elements tend to 
lose electrons when they react with other 
elements They contain, in their outermost 
groups, usually only one, two, or three elec- 
trons, which are held rather weakly by the 
nucleus, it is relatively easy for other atoms 
that attract electrons more strongly to pull 
them off of the atom of a metal Atoms of 
metals, therefore, take part in reactions in 
which they become positively charged 
Atoms that remove electrons from othem 
acquire negative charges These aie the 
atoms of non-metallic elements, such as 
oxygen, chlorine, bromine, and sulfur The 
atoms of these elements must possess outer- 
most electron-groups which are already well 
filled, and their nuclei must exert relatively 


strong attraction for the electrons in even 
the outermost portions of the atoms 
These concepts of atomic structure offer a 
reasonable basis for explaining the changes 
by which elements are converted into com- 
pounds, and the leason why two metals, such 
as sodium and calcium, or two non-metals, 
such as oxygen and chlorine, show no pro- 
nounced tendency to react with each othei 
The reaction of metals with non-metals, on 
the other hand, is explained more satisfac- 
torily than Dalton’s atomic theoiy could 
ever have explained it, atoms of metals give 
up electrons to atoms of non-metals, because 
the latter have stronger attraction for elec- 
trons The concepts also explain why an 
atom of one element leacts with one atom 
of a second element, but with two of a thud, 
and, perhaps, with thiee of a fourth 

II Compounds Composed of Ions 
Compounds produced in the manner we 
have just described, by the tiansfer of elec- 
trons from one atom to anothei, con-sist of 
electrically chaiged atoms Such particles 
are called wns In a crystal of a substance 
of this kind, e g , sodium chloride, the ions 
(Na+ and Cl~) are arranged in a definite 
geometrical pattern (Figure 42) and aie held 
together by forces resulting tiom the atti ac- 
tion of their unlike electrical charges The.SG 
forces are called electrostatic or coulmnb 
forces When sodium chloride dis.solves in 
water, the ions separate and diift apart 



Figur« 42 The Structure of a Crystal of Sodium Chloride 

White circles represent sodium ions, block circles represent 
chloride ions 
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Neither m the crystal nor in Holution are 
there any molecules of this substance or of 
any other substance composed of ions In 
some compounds of this tviic, one (or per- 
haps botli) of the ions Ls composed of a group 
of atoms This is true, for example, of the 
sulfate ion, SOT, the nitrat,e ion, NOr, the 
nmmomum ion, NIIi', and the carbonate 
ion, (10/“ The leUcra used in these state- 
ments reprcsc'ut the clemmits, and the num- 
bers (subsmipts) show the numlici of atoms 
of each clement m the ion The signs 
__ or =) indicate the number of units 
of electiical chaigo carried liy the ion, the 
b sign icpicscuts one election lost, the — 
sign, one electron gamed, and the = sign, 
two elections gamed. 

Compounds hvhmqimj to this group of sub- 
stances au\foi the most pait, compounds con- 
sisting of the positive ion of a metal (m a post- 
lively ohaujed gnmp siah as Nlfdl and a 
negative ion made up of one ot mote uon- 
nelals These subslanees may bo classified 
as ionic compounds, lieeause they ate com- 
posed of ions. 

12. A Typical Ionic Compound 

Sodium chloiide, (‘oiumoii salt, is a good 
example of a {■ompouiid eompo,sed of ions 
(see Figiuc 4'2) It eoiitains ilie imsitively 
charged ion of sodium, Na', and the nega- 
tively eluuged non-metallie um of chlorine, 
or Foi many yi'am, eheiiusts icpresented 
the composition of this substance by NaCl, 
as this expiessum indiealc's, it wius fonuerly 
thought that sodium (diloiidc' was made up 
of molecules, each moleeiile eoiitaiiuiig one 
atom each of sodium ami (liloiirie But m 
view ol what we know aliout lome eoni- 
poimds, it would lie bettci to indicate the 
composition of tins substance as Na^ -f- dl" 
Tlas expie.sHion does not mean that the two 
ions are joined togethei lus a moleehle, it 
means that in eveiy crystal of salt, and in 
melted salt or in a solution as well, theie is 
present one sodium ion for each chloride ion. 
In other words, when sodium and chlorine 


form sodium chlonde, equal numbers of the 
two kinds of atoms react. 

1 3. Compounds Not Composed of Ions 

Elements sometimes react in such a way 
that electrons are not transfer led from one 
atom to another Let us consider, foi ex- 
ample, the combination of (Jarbon and hy- 
drogen These elements form many com- 
pounds, of which the simplest is Clii Tins 
substance does not contain any ions, and the 
atoms are actually held together m the form 
of a molecule containing one atom of carbon 
and four of hydrogen Now each hydrogen 
atom has a .single electron, and the carbon 
atom has four in its outer group In foiming 
the molecule, each atom skates its electrons 
with another (see Figure 43) Tins gives 
the carbon atom eight electrons in its outer 
group, and each hydiogen atom two, but 
neither atom really gams oi loses any, hence 
the atoms are not electrically charged. Many 
compounds composed of two non-metals are 
produced by the shaiing of electrons between 
atoms In like manner, two or more atoms 
of the same clement may combine to form 
molecules of the element Thus, two atoms 
of hydrogen combine to make a molecule 
H + H — y H . H Compounds in which 
atoms share electrons may be called moleculat 
compounds, since they aie composed of mole- 
cules lastead of ions. They are also called 
covalent compounds 

How are electrons shared and how does this 
an angement hold atoms together? A i eosonable, 
although purely liyiiothetieal, answer can be sug- 
gested. The two eleetrons that form a jiaii pi ob- 
alily move aiouiid both nuclei If one could de- 
teriniiie tlie time tliat tliey spend m diffeicnt po.si- 
lioiis m the space near the two nuclei, one would 
piobably find that moat of the time is spent in the 
region that lies between the nuclei of the two 
atoms. This condition results, therefore, m the 
production of a region of relatively stiong nega- 
tive charge that attracts both positively charged 
nuclei and holds them together, since it hes be- 
tween them, 

There is, as yet, no complete explanation con- 
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cerning how or why two electrons team together 
to form a staljle pair It appeals, however, that 
the two elections that form such a pan spin upon 
their axes in opposite directions. Each election 
thus sets up an electromagnetic field that attracts 
and holds the other 
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Thus all the atoms of the ion together have 30 
electrons, but 32 are requiied foi the structure ol 
the ion. Tliese two additional elections must, 
therefore, be removed from other atoms Thcj 
aie responsible for the two units of charge that 
the ion possesses 


Some of the compounds belonging to this 
class of substances are (1) many of the 
oxides, (2) compounds of two non-metals 
(CH4, CS 2 , NH3, etc), and (3) compounds 
containing hydi ogen in combination with one 
or more non-metals (HCl, HjCOs, etc ) 
When some of these substances dissolve in 
water, or in ceitam other solvents, they may 
react with the water to produce 10 ns, but in 
their pure state aU of them aie composed of 
molecules instead of 10 ns In the ammonia 
molecule two elections are not shared, and 
in the water molecule four electrons (two 
pairs) of the electrons belonging to the oxy- 
gen atom aie not used in binding oxygen to 
hydrogen 

Some 10 ns contain two or more atoms (page 
57) In these 10 ns the atoms share electrons 
The structure of the sulfate, SOt", ion, for ex- 
ample IS 

" 6 

•0 S 0 

0 J. 

The four oxygen atoms of this ion have, 
normally, 6 electrons each in then outermost 
group (Figure 26) The sulfur atom (Figure 34) 
also contains 6 electrons m its outermost group 


14 Valence Numbers and Valence Electrons 

The valence of an element refers to the 
combining capacity of its atoms It is ex- 
pressed by a number that indicates the num- 
bei of atoms of hydiogen with winch one 
atom combines, or the nurabci of atoms of 
hydrogen that one atom icplaces in a com- 
pound Thus, in watei, H 2 O, the valence 
number of oxygen is 2, because one atom of 
oxygen is combined with two atoms of hy- 
diogen In calcium oxide, CaO, the valence 
numbei of calcium is 2, because one atom 
of calcium is combined with one atom 
of oxygen and theiefoie must have the 
same combining capacity as two atoms of 
hydrogen, or twice as much as one atom of 
hydrogen 

The valence number of an element de- 
pends upon the number oi electrons that an 
atom of the element gains, loses, 01 shares 
when it reacts with other atoms In sodium 
chlonde, NaCl, the sodium atom loses one 
electron, and the chloiine atom gams one 
Therefore, the valence number of each ele- 
ment is 1 To indicate the diffeience — ■ 
one atom gams and the othei loses an elec- 
tron — we frequently lefei to the valence 
numbei of sodium as + 1 and to that ot 
cMoiine as - 1 In calcium chloiide, CaCla, 



Fljure 43. Compoundf Fsrmsd by Atoms thot Share Electrons 
(1) Woter; (2) Methane, CHr; (3) Ammonia, NHa When we write CH 4 , we mean that one molecule contains 
one carbon and four hydrogen atoms, 
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the valence nuinhcv of caloimn ir -h 2, and 
that of aUiinmuni in Al( 'h in + 8 In wafer, 
HsO, the valence nnniliei nf oxygen is 2, 
because the atmn of fins element Hhmc'f 
electrons with two atoms of liydrogen The 
valence mnnliei ot hvdiogen is one, heeanse 
each atom nhaies one pair of electrons with 
oxygen Tn lairlion lefrachloiidi', CK'li, one 
carbon atom sliarcs a pair of cleciroris with 
each of foil 1 chloiine alums, Iherefoii', car- 
bon’s valence numher is 1 In cavlion ihoxitle 
the carbon atom shares I wo pain of eleelums 
with each ol I lie (wo (ixvgeii aloins, and so 
heie, too, eaihon's \ alence nnmhei is 1 Be- 
cause cailion has weakei atfiacfion foi- eh'c- 
trons than elilorme, we lierpienfh lefei lo 
the vak'iiee numher ol cailioii (in (‘ailion 
tetiachloiuh') as + I and (hal of chhinne 
as - 1 Likewise, owgen lias a negative 
valence numlier (- 2j m walei and in carbon 
dioxide, heeansi' ox,Lgeii has a strougei at- 
tiiuitiou loi elections (lian caihoii and hy- 
drogen hui example, oxygen and ehloiine 
lo, in many of their compounds, renioie 
clectiouKfiomeei lam atoms t'arlion rarelv 
does so and, (heielore, musi lia\e r(‘lali\(‘lv 
weak airtrael ion foi eleelmas as compaied |,o 
oxygen and (hlorinc In onl\ a lew com- 
pounds does Iniliogen gam electrons, coiise- 
(lueiiUv, its atliaelion mus( also bo lallu'r 
weak In geneial, we nun sav that, m a 
compound ol (wo elements 1 hal aii' eombmed 
by atoms sliaiing ehs lions, (he element 
who, sc atoms eonlam the laigei numbeis of 
elections in the outeimosl group luus a nega- 
tive valence nunilici 'I'liiis, m {'('L, the 
chlorine atom eonlaiiis so\ cii mid the eaibon 
atomfoui elcclmns m llus giou]), and hence, 
the valence mimbei ol eailion is positive and 
that ol cliloi'iiie is iiegalii i’ 

Since it has nol gamed, lost, or shau'il any 
elcclions, we mgaid ihe atom ol a lice ele- 
incnl as luiMiig a x.ihmee number ol I) 

Till' eleelroiis m llie oiileimost gioiip of 
anatom aie (he ones llial aie luxolved in 
reactions Smi e Ibex delerinine the eom- 
binmg capaeit \ ol the alom, Ibex an' suinc- 
hincs spoken ol as llie valcncr rlcdium ol the 


atom, and the group to which they belong 
IS called the valence group, or valence shell 
Thns, the atom of magnesium (Figiue 30) 
contains two valence electron, s, and the 
atom of nitrogen (Figuie 25) contains five. 

Review Exercises 

1. Wliat are the kinds of pai tides of which 
atoms are composed? 

2. What is the gcncial plan upon whidi tlic' 
Bti'uctures of atoms are thought to he based? 

3. What is the 1 elation of a pioton to a hydrogen 
atom? 

4. Explain or define electron, atomic nucleus, 
midcar charge 

5 Eimriieiate some of the ways in which the 
modorn theory of the atom is more satisfao- 
toiy than Dalton’s theoiy 

fi In what way do the stuictiiies of atoms of 
metals diffei liom those of non-metalhc do- 
inoiits? 

7 What i.s an loii? How docs it aciiuiie its clcc- 
tiieal dull go? 

8 'I'o wluit lines the teiin idoniic nuvihci of an 
dcmoiit 1 efoi ? 

t) Whnt IS the .stinctnre of an atom of an ele- 
ment tluiL has nn atomic wciglit of 19 and an 
atomic mimliei of 9? Is it a metal oi a noii- 
nietal'^ 

19. 'I'he atom of alummum contains 13 elections 
How many (iiotoiis does it eontam m its 
nucleus? If the atomic weight of ahnmiium 
IS 27, liiiw many neutioiis does the nudens of 
till! atom contain? 

11 With how many atoms of diloiinc docs one 
atom of aluminum react? 

12 What IS the valence nuinhei of aluminum? 
'riie aloime luinihei''’ I'he ma.ss niiinhei? 

13 Aeeoidmg to oui modi'in tliemy of tlie atom’s 
stineture, uiKin wliat faetoi does the aUiimc 
weight of an element depend? 

14 Wliut eonditions deteimmo the maximnir. 
numliei of eleelums that the atom ol an cle- 
ment lose,s Ol gains m a leactnm''’ 

1.5 In wliat otlier way do atoms leaet to form 
compounds besides losing oi gaming elec- 
tions? 

10 The atomic munbei of an element is 10 How 
many giouiis oi levels of electrons does an 
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atom ot the element contain? Is this element 
one that will react with atoms of metals to 
form ionic compounds? Explain 

17 Why do we represent the composition of salt, 
ot sodium chloride, as (Na"*" + 01“) and that 
of water as H 2 O? 

18 What information is stated when we write 
the formula of a compound? 

19. In what way is a chemical equation difieient 
from a mathematical equation? 

20 What are isotopes? How are the structures of 
isotopes alike and how are they different? 

21, In hydrogen chloride, HCl, one atom of hy- 
drogen combines by sharing electrons with 
one atom of chlorine, m hydrogen sulfide, 

HjS, two atoms of hydrogen combine with 
one atom of sulfur, in ammonia, NH3, three 
hydrogen atoms aie combined with one of 
nitrogen, and in methane, CH 4 , four hydiogen 
atoms are combined with one carbon atom 
Explain the fact that different numbers of 
hydrogen atoms react with one atom of 
chlorine, sulfur, nitrogen, and carbon 

22 Of the atoms shown 111 Figures 29-37, page 
53, which would be likely to lose electrons in 
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forming compounds, which would gain elec- 
trons, and which would not be likely to react 
at all? 

23 There are three isotopes of hydrogen The 
relative masses of their atoms as compaied to 
16 for the oxygen atom are approximately 1, 
2, and 3, respectively How do the structures 
of their atoms diftei? In what ways are they 
identical? 

24 Of the two kinds of atoms, nitrogen and mag- 
nesium (Figures 25 and 30 pages 52 and 53) 
winch would you expect to foim covalent 
rathei than ionic compounds? 
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OXYGEN 


Thv qumtlili) of avr which even n small flame re- 
quires to keep it burning is prodigious It is gen- 
erally soul that an ordinary candle consumes, as it 
IS called, about a gallon a minute Considering 
this amazing consumption of air by files of all kinds, 
volranoes, etc , it becomes a great object of philosoph- 
ical enquiry to asceilain what change is made in 
the conslitulioii of air bg flames and lo discover what 
provision there is in nature for remedying the 
injury which the atmosphere reieives by this means 

I'RIBSTIjEY 


1, Introduction 

The fust ckMiK'nl. tluif wo aio (,o ‘.tudy at 
some longlh is Uic' most ulmiidaiit and, al- 
though invisililo, OIK' ol (h(‘ most familiar of 
all the clomonls ( Ixygou ami its oomiioumla 
have many impoitaiit fimolioiis m the lilo of 
all oi'gaiiismh and iii (ho oliangos that ocour 
in thoir oiiviroiimoiit. h'or ammals it is tlie 
vitally nooossaiy siibstaiioo m tlio air that 
they bioatho Plants must, havo it to liuild 
the oclliilosc ski'lol.ons ol thou stiuctuios and 
to make tlu' staioli, sugar, tat, ami [iiotoin 
that they rciiuuo as foods 'PIk' ovygoii of 
the air oauscs non to rust, wood to docay, 
paints to haulon, and coal to bum Those 
are but a few evainplos ol the many natunil 
piocohses tliat go on aiound us and that in- 
volve chomioal ('liangos for wliioli owgon i.s 
essential Tho wal.oi that wo dunk and 
winch IS n’s])ousibl(' lor a laigo iiortiim oi tho 
weight of oiii bodies is oiglit-niutli.s oxygi'ii 
Gomliinod with oihoi oh'inonts, oxygi'ii i.s 
pieseiit 111 all oiii foods 'I'lie oomlmstion of 
fuels Lo heat oiii hou.sos, to oook our food, 
and to genoiate tho (morgy uniunod in m- 
dustiy IS a chomioal ohauge in which one of 
the leactmg sulistaucos is oxygen It would 
be difficult to name anothei element that 
could be eliminated flora oui lives with more 
tragic and dLsastious coiiseciuenees 


The .stiuly of any element follows a general 
outline (1) tho occiiirence and general im- 
poitauce of the element and its compounds; 
(2) tho history of the element; (3) the meth- 
ods of pioduciiig the element -- both lab- 
oratory and indiistiial, (4) its physical and 
clienuoal properties; and (5) its uses 
In this chaiiter, chemical ecpiations arc 
used loi the first time Statements of the 
icaetions aie also given m words, and these 
are moie Jmiioitant, at the piesont tunc, 
than the equations. One’s ability to use 
equations, howcvci, must be developed by 
expenence in using them, hence, the moie 
familuu you become with the equations m 
tins chapter, the easiei to undemtand will be 
youi next expenence with them 

One of the fiist impoitaiit pioblems stud- 
ied by chemists was the natme ot the ehcmi- 
eal change that oceuis in Imimug, in tho 
lusting of metals, and m the action of oxygen 
in the body ''l''liis question is one of the 
principal toiucs to be considoied m this 
ehaptei and the next 

HISTORY OF OXYGEN AND COMBUSTION 

Although it is the most abundant of all the 
elements, many others were known long be- 
foie oxygen was discovered Its propeities. 
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and even the fact that it is an element, have 
been known only since about the time of the 
American Revolution Its discoveiy was 
closely connected with the search for a satis- 
factory explanation of combustion 

2. The Phlogiston Theory of Combustion 

As long ago as a n 700, the Chinese appear 
to have known that an contains an active 
and also an inactive substance Mayow, in 
1669, explained combustion and respnation 
upon the basis that air contains some gas 
that IS active in piomoting these processes 
In the same year, however, Becher announced 
a theory that was designed to explain com- 
bustion as a change in which air played no 
fundamental part In 1702, Stahl lenewed 
and extended Becher's theory According to 
the opinions of these men, combustible sub- 
stances contain “phlogiston,” which is lib- 
erated when the substances burn In sup- 
port of this view, it was said that the heat 
and light produced during combustion are 
caused by the escaping phlogiston It was 
further pointed out that the residue left after 
burning often weighs less than the unburned 
substance This observation, while not al- 
ways tiue, was interpieted as meaning that 
something necessaiily escapes when a sub- 
stance burns It was lealized, of courae, that 
the residues remaining after the combustion 
of some materials weighed more than the 
substances that were burned This fact 
called for a change in the original phlogiston 
theory, and it was then that phlogiston be- 
came identified as the “principle of levity or . 
lightness ” Naturally, it was thought, if the 
levity of a body is removed during combus- 
tion, the product should weigh moie than 
the body befoie it was burned This view 
was inconsistent with the fact that buimng 
— the escape of phlogiston — sometimes left 
a lesidue that weighed less than the ongmal 
substance Tiuthcimoie, the theory ofteied 
no satisfactory explanation of the iinpoitant 
role that air plays m combustion 

The role of the air could not be overlooked 
entirely even by the phlogistonists, for they 


were obliged to lecogmze that the presence of 
ail was necessary for the occurrence of com- 
bustion The action of the air was explained 
by saying that it absoibs phlogiston, and 
that d air is not present, ol coiuise, the 
phlogiston lemains m the substance 

The phlogiston theoiy, however, was not 
so entirely unreasonable as it sounds today 
To men who looked upon the problem with- 
out our knowledge of ox'ygen and its piopei- 
ties, file appeared to destroy A laige poi- 
tion ot the burning body appeal eel to escape 
into the air The fact that invisible gases, 
such as carbon dioxide, are pioduced, and 
that these mingle with the an about the 
body, was not known m the days when the 
plilogiston theoiy was accepted Combus- 
tion appeared to be a decomposition, during 
which some essential constituent of sub- 
stances escaped into the air, leaving behind 
a small mass of ash, which was then called 
calx This explanation of the mysteiy of 
burning and of fire was jierhajis the most 
reasonable one that could be foimiiJated in 
the seventeenth centuiy Even when moie 
facts than weie then known had been accu- 
mulated, this solution of the problem had to 
be eliminated before the couect solution 
could be presented and accejited The 
phlogiston theoiy served as a guide to studies 
of the air and of combustion throughout most, 
of the eighteenth centuiy, and not until the 
lattei part of that centuiy did obseivation.s 
made by Priestley and Schoelc lead finally to 
a bettei undeistandmg of combustion and 
its dependence upon what we now know i.s 
the oxygen of the air 

3. The Discovery of Oxygen 

Piiestley is usually credited with the di.s- 
coveiy of oxygen He was mtoiested in the 
gases that are liberated when dilfeient sub- 
stances aie heated Priestley did not le- 
gard these gases as essentially ddferont sub- 
stances, but thought of them a.s diffeienf 
kinds of air The method that he used to 
heat the substances from which the gases 
were expelled is interesting A tube, closed 
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at one end, was filled with meiciivy and in- 
verted in a dish or trough filled with the same 
liquid The subslianee to he heated was in- 
troduced and marie to float ujion the surface 
of the moreiiry in the uppei part of the tube 
Here it was hnated liy eonveigmg upon it 
the rays of the sun by means of a lens One 
of the sub.sl,!UU'eH that Hue's (,h‘y hea(,efl in this 
manner was mercune. oxide. In the gas that 
wa.s libciated by heal.mg Hus sulistance, a 
candle burned niiieli niore bnlhanlly and vig- 
orously than m oulinaiy aii In pri'parmg 
this gas, Priestley had diseovensl oxygen, 
but he did not leeogmze the diseoi t'ly He 
explained the propeilies of tlu' gas by saying 
that it was “dephlogistieated air ” In 1775, 
he wrote to the Royal >Soeiety coneeiniiig his 
discovery as follows 

But till' ino'-t leniiii kalile of all the kinds of 
au' that I have piodueed hv this luocess is one 
that IS 5 or (i tunes lietlei than t'oinmmi an for 
the pin pose of lespiiatiou, inflaimnation, and, I 
behove, eveiy otliei iiseol (■oitinioualmosiihcucal 
air As I think I have sudieicutly \)to\(>d that 
the fitness of an foi lespiiatioii dopends upon its 
capacity to leeene llie plilogistoii exhaled fioin 



Figure 44 The Apparatus Used by Priestley (n the 
Experiments byWhIeh He Discovered Oxygen 
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the lungs, this species may not impiopeily be 
called dephlogistieated ah . 

All in which phlogiston is ab.seiit should bo 
a beti.er absoibci of phlogiston, of course, 
than air that is saf.iirated or even an that eon- 
taias some phlogiston but not as much as it 
can ahsoib Priest, ley was an aulent fol- 
lowei of the phlogiston view to the end of Ins 
life in 1801 His views aie exinessed in the 
following quotation, which also serves to 
show the extent of his expeiimcnts and the 
range of hia imagination 

From the gi eater stiength and vivacity of the 
flame of a candle in this pure an it may be coii- 
jeetuied that it rniglit he peculiaily salutaiy to the 
lungs 111 coitain mot hid easc.s, whcti the common 
au woulfl not lie buflieicnt to cany off tlie phlo- 
gistic piitiid efiluvmrn fast enough But we may 
also infei fiem these oxpei inients that though 
puie dcplilogisticated an ought to he veiy useful 
in incchcme, it might not ho so pioiiei foi ns iii the 
usual healthy state of the liodv foi, as a eandlo 
Imins out much fastei in deplilugistieated air 
Ilian 111 cominoii au, so wo might, as mav lie said, 
liic out too fast, and the animal power he too 
soon exhausted m this puie kind ol air A nioial- 
ist, at least, may say that the an wliiuh nature 
lias pioMded foi us is as good us wo deseiio 
Aftei luuiiig aseoi tamed the .suiioiior goodness of 
de|)]ilogistieated au I have giatified the ciuiiisity 
(to taste it myself) hy hieaUimgit Thefeehngof 
it to my lungs was not sensibly diffei ent fioiti that 
ol eomuion an, hut I laneied that my liieasl felt 
lieeuliaily light and easy foi some time attei winds 
Will) can tell hut that, in tune, tins puie an may 
becotue a fasliionaliLe aitiele ui luxiuy ilitliei to 
only two mice and myself have had the puvilege 
ol hieatliiMg if 

Seheele piepiued the same gas fiom sexeral 
sulist'uiees in 1771 Ibiilhcunore, he iiiider- 
stood tliiit it was iireseut m the air, Unit it 
combines with many siihstanees, and that 
some ol the eonipouiuls thus loimed decom- 
pose upon heating to lilieiate (be same gas 
again Although Selioele’s chseoveiy leally 
piedatcs Priestley's, the lattei is usually 
given the credit ioi diseovc'uug oxygen, since 
Sehecle’s lesults woie not published until 
1777 In the meantime Piiestley’s discoveiy 
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had been lecogmzed as one of far-reaching 
significance 

4. Lavoisier’s Experiments and the Recognition 
of Oxygen as an Element 
Piiestley’s "dephlogisiicated” an came to 
the notice of Lavoisier, who was, in our opin- 
ion, the outstanding chemist of the eighteenth 
century Lavoisiei saw in Piiestley's results 
the probable solution of the pioblem of com- 
bustion He reasoned that if a candle burns 
more biilliantly in the gas evolved when 
meicuric oxide is heated, than in an, then 
this gas contains in a concentiated condition 
the component ot an that causes substances 
to burn He believed that this active com- 
ponent of air combines with substances dur- 
ing combustion According to this point of 
view, theiefore, an inciease in weight should 
be expected when one comjiares the weight 
of the pioducts with those of the materials 
that bum 

To piovo this point, or rather to detemiine 
whether oi not this explanation of combus- 
tion was more sound than tho phlogiston 
theoiy, Lavoisier heated meicuiy in a lotoit 
with air (Figure 45) for twelve days The 
neck of the reloit extended thiough water m 
a trough and into a bell-jai, which was filled 
with ail and iiiveited in the trough It was 
found that the volume of an m the bell-jar 
and retort deci eased by an amount equal to 
one fifth of the original volume, and that the 
surface of the meicury became coveied with 
a layer of a red powder The gas left in the 
bell-jai did not possess the piupeities of air, 
it did not suppoit combustion and it did not 



Figure 45 Lavoisier's Apparatus 


sustain life Furthermore, Lavoisier found 
that when the red powclei that foiTned on 
the surface of the mercury was heated, it 
liberated a volume oi gas equal to the volume 
of an that had disappeared when it was 
made At the same time mercury was 
foiiued The gas that was liberated pos- 
sessed the properties lost by the sample of 
air duiing the heating of the mercuiy, bill 
these properties were much more strongly 
manifested than in an It was stiongly in- 
dicated, therefore, that in addition to this 
active gas, which is evidently present in the 
an, there is another component that is in- 
active Thus Lavoisiei showed that an is a 
mixture, one part of which combines with 
metals when they rust, supports combustion, 
and IS necessary for lile There could no 
longer be any doubt that Priestley’s "de- 
phlogisticated an” was the same substance 
as this active component of air, which 
Lavoisier iccogmzed as an clement The 
phlogiston theory was ovoifcliiown 

Because he thought that all acids must 
contain this element, Lavoisier gave it the 
name of oxyyen, which moans “acid foimei ” 
Tins view ol acids is erioneous, but the teim 
has been letained as the name of the element 
Lavoisier called the inactive component of 
the air azote We now call it mli ogen 

OCCURRENCE AND PRODUCTION 
5 . Occurrence 

About one half of the earth’s crust, includ- 
ing the atmosphere, consists of oxygon Aji- 
pioximately GO per cent of the weight of our 
bodies IS oxygen This element is lesjioiisi- 
ble for about 50 per cent ol the matciial in 
common rocks, and cellulose, the woody 
poitiou ol plants, contains about the same 
percentage It occurs m the an in the free 
state In combinations with other elements 
it IS found in all locks, m soil, in many ores 
and mineials, in all food pioducts, and in 
cotton, wool, wood, and many other natural 
and synthetic matenals The total weight 
of all the oxygen in the earth’s ci-ust, which 
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inchiclpH (.lull, in soils niid roclcH, in waloi', in 
air, !Ui(l in Uio boilics ol all |iliin(s and iim- 
mals, IS about, tlu‘ same as llic wciuld' of idl 
the otlior c-lciiionl.s IokcIIici' 

6, Production General Statement 
Since oxyKcti occiiis iii air and in walci, 
we should ('xiieci to (ind dial (ho mdiislnal 
supply of this oloinoni is oblaiiiod Iroin these 
sources Owkoii is in the uneoinl lined state 
in air, henci', to |iiodiio(‘ it fioni thin soiiiee 
no eheiiiieal ehaiiKo is necessary, but it niiist 
bo se[)arii.t od lioin ol tier snbslanoes tliiil. aie 
always present, Walei must, lie (h'coniiiosed 
when it IS used as a soiiiee ol oWKcn ddiLS 
process reciuiu's eiieiKV and siieeial luet.hods 
of 11 , sing (‘iiergv; simple heating in a vessel 
will not decompose, watei exeejit when it is 
heated to teiiipeial,iues (hat me not indu.s- 
tnally practical hh'en if water could be de- 
composed by heat, the sepaiation of oxygen 
from the hydrogen hbeiatecl at the same time 
■would offer considerable difficulty. For 


these leasons, water is decomposed into its 
(dements by the u.se ol eloetiieal cncigy The 
luodiiction of oxygen irom air atso reciiiiros 
eiieigy but, in general, thus inocoss is moic 
piaetieal than inodiietion from water 

7. Preparation of Oxygen from the Air 

When an is coinpicssed and cooled to a 
temperature of about — 200°(J, it can be 
eouveitcd into a liquid Cloolmg to tins ex- 
tiomcdy low lcm]icratmc is aceomiihshed by 
allowing highly eompiesscd an to (’xpand 
through a small valve (Ibgiiio 17) into a 
(diiimber wIku'c the pn'ssuie is lowei To 
exiiaud, a gas must absorb heat, and in this 
case the heat must come irom the coil that 
carrias the oompiessed an, since th(> apiiara- 
tus is thoroughly imsulated to ]n event, tho 
absorption of heat from the outside The 
an that escapes fiom the valve at the end of 
the cod IS leturned to the compressor, where 
it IS again subj ected to a high pi essure It is 
then passed through coils in a cold mixture 
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Figure 47 The Liquefaction of Air 

A, compressor) B, cooling colis, C, pipe carrying com- 
pressed oirt D, pipe carrying cold air back to compressor, E, 
expansion valve, F, volvo handle; G, liquid oir, H, insulation. 

of ice and salt to remove the heat resulting 
fiom the compiessionj and finally, it is al- 
lowed to expand again In this way the air 
that escapes thiough the valve is reduced to 
a gradually decieasing temperature, until at 
last it IS sufficiently cooled to become a liquid 

Liquid ail is a mixtuie, like air itself, of 
all the components of the atmospheie except 
watei vapoi and carbon dioxide, which 
hquefy at a much highei temperature than 
oxygen and nitrogen and which, therefore, 
can be removed bcfoie the liquefaction of the 
main portion of the air occurs If liquid air 
IS allowed to evapoiato, the diffeient sub- 
stances that it contains escape at ditteient 
tempeiatuies Appioximately four fiftlis of 
the air is nitiogen, the inactive component, 
which boils at - 195 8° Oxygen boils at 
— 183° Hence nitrogen bolls away fiist, 
leaving a residue that is almost pme oxygen 
The oxygen is then allowed to evaporate and 
the gas is compressed in steel cylinder 
Within these cylinders the pressure is one 
thousand pounds oi moie pei square inch. 

8. Preparation of Oxygen from Water 

Watei can be decomposed into oxygen and 
hydrogen by means of a diiect curient of 
electricity Since puie water does not con- 
duct the cm rent, a small amount of sodium 
hydroxide oi sulfuiic acid is added to make a 
solution that will serve as a conductor. 
Oxygen collects at the positive terminal of 
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the cell (Pigure 48), and hydrogen collects 
at the negative terminal This reaction, 
called the electrolysis of water, is a type of 
chemical decomposition in which electrical 
energy, instead of heat, is used to bring about 
the decomposition of watci, As a cell is 
operated, the sodium hydroxide or sulfuric 
acid is not consumed. Water alone is added 
to replace that which is converted into oxygen 
and hydrogen The two gases are collected 
in separate containers and aie theicfoie ob- 
tained in a fairly pure state This method of 
producing oxygen is profitable when there is 
a good market for both hydrogen and oxy- 
gen, though in general it is not as extensively 
used as the method of producing oxygen from 
liquid air 

9. Preparation of Oxygen from Certain Sub- 
stances that Decompose when Heated 
When small quantities of oxygen are de- 
siied in the laboratory, certain substances 
that contain oxygen can be decomposed 
partially or completely by heating W e have 
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already noted that PncRtlev prepavccl the 
element by heating the siihslance that we 
callmei’cuiic oxide TIiih .siilistarifci eontauis 
7 385 per c(>rit of oxygen. 

Mercuiie oxide — >- hleieury + O.xygen 
2ng() — 2ng + {\ 

But Ihia luothod of iircimiiug oxygen ik not 
one that ran he apiihed genemlly lo all 
oxiclcfs or even to (he oxide.s ol all metals. 
The oxides ul ealeium and magiu'sium (Cat) 
and MgO), for example, lesi.st, all attempts 
todecompo.se them bv heat, allhough they 
would probably decompose if a .sufftcienl.ly 
high tempoialure eoiihl be at t aiiusl ( )u the 
other hand, the oxides ol iIk' least active 
metals, .such as gold and .sihei, deeomiiose 
on heating 'Plus is also lnu' of the oxides 
ofchloiine, which decomjiose willi exidiwive 
violence if warmed onh .sliglilly Other 
oxides that .yield a iiortion ol thi' oxygen that 
they contain when they aie healed iriehido 
barium peioxule, liaOj, and led lead, I’b|Oi 
If barium oxide, TiaO, Is healed with air at 
500°, baiTUiu lu'i’oxide is tonued When 
the pressure Is reduced and (he (ein))eratiire 
is raised lo 700", baiiutn peioxide di'coiu- 
poses, forming biumin oxide and oxygen 

rioo I 

BnilUm Dxule -I Ownen in llie lui >- 

2BiU) -I n, 

Barium duixiile >- Hiiniim oxnle +• Owacn 

(71K)“) 

2I)ii()j 2Hu<) H- O, 

This is Bun's proces,s, which wa.s ii.sed to 
some extent at. one tune lo obtain pine oxy- 
gen from the air Not all (lie uxvgen eoiv- 
tamed in bainmi peioxide is liberated 
Biiruiin oxide eonlaiiis 10 10 iier cent ol 
oxygen, and barium iieuixule eoiUiuii.s IH.Hi) 
per cent 

If potassium Ol .sodium niliute is heated, 
some oxygc'n is liberated, and the nitiite 
of the metal is Uu lueil 

Potassium mlrale — >- 
2 KNOa 

Potiussiiim nitrite -(- Oxvgen 
2 KMb -h O2 


It will be noted that only one third of the 
total oxygen content of the pota,saiuin nitrate 
IS libeiated in tins reaction Pota.ssiiiin ni- 
trate contains 47 57 pei cent of oxygen, and 
aodmm nitrate contains 5G 47 per cent. 

10. Preparation of Oxygen from Potassium 
Chlorate 

Potassium chloi ate contains 31 9 per cent 
of imtasKimn, 39 2 per cent of oxygen, and 
2H 9 tier cent, of chloiine It decomposes 
when it IS hea(.ed to a tempera tuie above its 
melting point, (SbS" C ) 

Potas,snim chloiate — >■ 

2 KCIO 3 

Potassium chloi ide 4- Oxygen 

2 1x01 -I- 3 0,1 

Oxvgen 1.S hbeiatcd, and theie is lelt a whiti' 
solid, which IS a compound of potassium and 
ehhmne This is p(it.as.sium chlonde, KC'l 
The leaetion goes on at noticeable speed 
only when a morlcialoly high Lom])eiatuio i.s 
reached, although thoie ajiiieais to be no one 
temiieratme at which it begins At tempeiur 
tures below the nudting point, of potassium 
chlorate, oxygen may bo liberati'd, but the 
Hiieed of the leacl.ion is so slow that it is not 
noticeable If a little mangaiU'se dioxide, 
l\ln02, i.s mixed wuth the iiotas.sium chlorate 
and lh(' mixtuio is heated, o.xygen is libei- 
ated readily at a tempeiatuie (200°) eonsid- 
eiably below the melting point ol potassium 
chloiate The oxygen does not come from 
the manganese dioxide, since this sub.stance 
doe.s not decompose at this tcmiieiatuie 
Fill tliennore, alter th(> leaction is eonpiletod, 
it IS ])()ssil)le 1.0 sejiaial.e the manganese di- 
oxide lioni l.lu' pol.assuiiu chloi ide 111 l,lu' 
ic,sidue by taking advantage ol the fact that, 
the lattei is vciy solulde in watci while t-be 
former is not The (puintity ol mauganosi 
dioxide leeoveied m tins maiiuei is ('(pial to 
the amount oiiginallv added We, therelore 
conclude that manganese dioxide only in 
creases the .speed of the decomposition ol 
potassium chloiate at rel.itivcly low tem- 
peratuies and is not itself coiibuiued duiiug 
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the reaction A substance that influences 
the speed of the reactions of othei substances 
Without undergoing any pennanent chemical 
change is called a catalyst We say, therefore, 
that manganese dioxide catalyzes the de- 
composition of potassium chlorate 
The usual method of prepaiing and col- 
lecting samples of oxygen from potassium 
chlorate is shown in Figure 49 Since oxygen 
is only slightly soluble in water, it is col- 
lected by the displacement of watei in a 
bottle which has been filled with water and 
placed in an inverted position on a shelf of 
the trough 

11. Preparation of Oxygen from Sodium 
Peroxide 

AVhen sodium pei oxide, NaaOs, is placed 
in water, oi water is poured ovei it, oxygen 
IS evolved and the following leaction occurs 

Sodium peroxide -h Water — >■ 

2 NaA + 2 H2O 

Sodium hydroxide -f Oxygen 
4 (Na+ + 0H-) -I- O 2 

This leaction proceeds very slowly if the 
water is cold, but if the watei is hot it occurs 
with explosive violence The reaction can 
also be made to occur at a lower temperature 
with incieased speed, if a catalyst such as 
Mupric oxide, CuO, is added 

12. A Note on the Equations Used Above 

In discussing the pieparation of oxygen from 
different compounds, we have used equations foi 
the first time to express chemical facts. A few 


remaiks concerning these equations may be ap- 
piopnate at tins time 

In the fiist of these equations — that dealing 
with meicuuo oxide — the formula of thus sub- 
stance IS wiitten as HgO to indicate that it con- 
tains one atom of mercmy for each atom of oxy- 
gen Likewise, the foimulas KCIO3, KCl, KNOj, 
KNO 2 , Na202, and NaOH show the 1 dative num- 
bers of atoms of the diffeient elements that com- 
pose these compounds. Thus, m potassium chlo- 
rate theie aie three atoms of oxygen and one of 
chlorine for each atom of potassium The num- 
ber 2 written betoie the foimula HgO indicates 
that twice as much of this substance as is indicated 
by the foimula must be used to ionlance the equa- 
tion We also place the numbei 2 lief 01 e the 
symbol of meiciiiy (2 Hg), beoaiise two atoms of 
this element aie liberated when wo use 2 HgO 
We do not wiite these atoms as Hg 2 , because 
theie are not two atoms of meiciiiy m a molooule 
It is necessary to write 2 HgO on the left-hand 
side of the equation, because two atoms of oxygon 
must be libeiated, these aie lequired to form one 
molecule, 0,, of oxygen, which is the smallest 
quantity of this substance that can exist in the 
flee state Similai explanations will account foi 
the numbers of molecules or atoms of the diffcioiit 
substances indicated in the othei equations. 

PROPERTIES 

In geneial chemistiy it is important that 
the student should have a recoid of the 
physical and chemical propcitie.s of the ele- 
ments, and the text .should supply thus in- 
formation It IS not iiiienderl that detailed 
facts, such as densities, lioding points, and 
freezing points, should bo ineiiiouzed. Such 
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information is given in the (ext so that it 
will be av£iil:il)l(' wlien il, is needed The 
student should lieeoine actiuiunled with the 
important physical leai-uies and i\it,h the be- 
havior of the. elmneiils, us, foi example, the 
state of the Hiibsluiiee undei ordinary eoudi- 
tions, solubility in Muti'r as euiii])aied with 
other hubstanei’s, relative ease with which 
the siibslanei' ean be liipiefied, if it is a khs, 
or tlie ease viUi iiliich il can lie vapoiized, 
if it is a luiuid, and so on Among the im- 
portant chi'mieiil piopeilies of an element 
arc (1) the kinds of eleineiils (and, some- 
times, eonipoiinds) vilh Mliieli it K'aets, and 
(2) the types of eoinpoiinds tliat it foims 
with (hem 

13. Physical Properfies 

(Kygen exists nalmallv as a gas, Imt (he 
liquid and solid stales can be jiiepaied at low 
tomporatuies (laseoiis oxigen is 1 (05 
times iiH heavy as air One lih'r (at O^O 
and at the average' almosplierio pieasiirn at 
soil-level) weighs 1 l‘i() g It. is eolorle.ss, 
tastole,ss, and odoiless In very tliieic layem 
it aiipeai’s (o be slighlly lihie m eoloi It 
oanlie h((ueli('d at — 1 1S“ ( ' imdei iipiessme 
of 50 atnuisplieies and at lowei (('luiK'raturoH 
by applying (lie propei iiressuri' The gius 
cannot lie iKpielied at any pri'ssiin' when the 
temperature IS a bui e - t IS". Im pud oxygen 
is blue in eoloi A( almospheiie ine,s.sure, it 
bolts at — 1S2 5"(' It is atliael.i'd liy a 
magnet. Solid oxygen, a hglit. lilue, , snow- 
like subsl.auee, can be pioihieed by exliaoi- 
diiiary eooling inelhods, sueli as cooling by 
the rajml apoialion of laiuid liydiogi'ii 
The solid melts a( ‘21S 1". 

(Kygen is only slight h soluble in watei 
A.t 20" ( and at. atmosiihei'ic (iiessiue, about 
S ml of oxygen dissoh es m 100 ml, of water 
It is twice as soluble as iiilrngeii Animals 
that In'c m walei depend 11(1011 dissolved 
oxygon 1 01 (hell lespiialoiy needs 

14. Chemical Properties 

At low temiic'raturos, oxygen is only mod- 
erately active, not many &ubstances that 


come into contact with it react to a notice- 
able dcgiee at, ordinary temperature At 
higher tcinpciaiures, it combine, s diicctly 
with many of the elements — both metals 
and non-metals — to foim oxides It doe.s 
not combine dnectly with chlonnc, bromine, 
and iodine or with .some of the lea, si aetivo 
metals, such as gold, silver, and platinum 
And of course it, does not combine with tlio 
iiiei t gases Oxides ot some ol the eloinents 
with which oxygon does not combine dnoetly 
can bo made indiicctly fiom eompouiicls of 
the elements which contain oxygen Thus, 
nitrogen and oxygen do not combine, exciqit 
at very high tomi)eiatmc,g, to loim nitric 
oxide (NO) Ol mtiogon dioxide (Nth), but 
tlie.se two oxide.s am 1 caddy prepaied iiom 
mtne acid (UNO)) and fiom othei coiu- 
pound.s that contiim a thud element 

15. Reactions of Oxygen with Metals 
Tli(> most active metals, such ns sodium 
and (xitassium, react reathly with oxygon at, 
low temporatiues nncl burn brilhanily whi'ii 
heal.e(l in an 01 pure oxygen 

Hodium -1- Oxygon — y Sodium (leioxido 
2 Na T O 2 — y NanOa 

Oalcinm limns almost ns bidhaiitly and vig- 
oiously 

('alciuin + Oxygen — y Calcium oxide 
2 0a -1- O 2 — t- 2 0aO 

These active met.als combine veiy vigorously 
wit.li tlie oxygen 111 the an, although they 
bum I'vcn more- vigoiously, of cnimsc, in pme 
oxygen lion, which combines only voiy 
slowly wilili the oxygen 111 tlie aii to foun 
feme oxido (iron iiist), Ininis biightlyiniiun' 
oxygen, il iL is hc'at.i'd to the H'((Uirc'd initial 
temiieraUire, loumug magnetic' non oxide, 
Fe,i()i 

Hustiiig 4 Fe + 3 O 2 — y 2 FcaOs 
Burning 3 Fe + 2 O 2 ■ — y FcjOi 

Small non wire or steel wool bums much 
moie readily than heaviei iron wiie, non 
fecieen, or nails 
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If the oxides of the metals ate mixed with water, 
some of tliera dissolve leiiilily OtheiSi dissolve 
only slightly, oi not at all, as fai as oidinaiy 
inoans of observation peimit one to judge The 
solutions tin II red litmus paper blue This effect 
IS the lesult of reactions of the oxides with watei, 
foiming hijdrovides that act as bales A solution 
of the hydioxide of an active metal in water has 
certain properties frequently designated by de- 
hcnbing the solution as alkaline 

Sodium pel oxide + Water — > 

2 Na.Oa + 2 HjO 
Sodium hydroxide + Oxygen 
4 (Na+ + 0H-) + Os. 

Calcium oxide + Water — Calcium hydioxide 
CaO + HaO ++ (Ca+++2 0H-). 

Each of the solutions which are foi med when these 
reactions take place cause one’s fingers to feel 
“soapy” wlien placed m the solutions and rubbed 
togethei This property, and the effect of the 
solution upon liimns, ate characteristics of solu- 
tions of liydioxides of the active metals Litmus 
IS an indicator, m an alkahne solution its ooloi is 
blue, and in a solution of an acid, such as vinegar, 
it IS red There are many other substances that 
aot as indicatoiSj among these arc phenolpUhdein 
and methyl orange The former is red in an alka- 
hne solution and ooloi less in the solution of an 
acid The latter is red m the piesence ot an acid, 
and yellow in an alkaline solution The basic and 
alkaline pioperties of an aqueous solution of 
sodium 01 calcium hydioxide are roaUy piopci- 
ties of the hydioxyl ion, 0H“. 

1 6. Reactions of Oxygen with the Non-Metals 
Many of the non-metals also combme 
with oxygen Sulfur, if it is first heated in a 
flame until it ignites and is then placed in a 
vessel filled with oxygen, burns wth a much 
moie hiilhant flame, and the leaction is much 
more vigoious, than in an 

Sulfur -b Oxygen — h Sulfui dioxide 
S -b Oa SOi 

The oxide that is formed is called sulfur 
dioxide Red phosphoius burns with a very 
brilliant flame, foiming phosphorus pentox- 
ide (P4O10), which appeal’s as a dense white 
cloud of smoke, 


Phosphorus + Oxygen ^ 

P4 -b 5 O2 

Phosphorus pentoxide 

P lOiii 

If carbon in the form of charcoal is fii-st 
heated to the point where it begins to bum, 
it continues to bum in pure oxygen and does 
so at a much faster rate than in air When- 
ever carbon is completely binned, carbon 
dioxide (CO2) IS produced 

Carbon -b Oxygen — >- Caibon dioxide 
C "b O2 ^ GO2 

The oxides of the non-metals i eact with watei to 
form acids 

Sulfur dioxide -b Watei — Sidfinous acid 
SO2 "b H2O ^ II2SO3 
Caibon dioxide -b Watei — >- Carbonic acid 
CO2 -b HsO PRCOi 

Phosphoius pentoxide -b Water — b 
P4O.0 + 0 II ..0 

Phosphonc acid 
4 IT.POi 

The .solutions formed when these oxides i eact with 
water show all the tyjiical piopcities of acids 
They turn blue litmus led and ate soui to the 
taste A more complete discussion of tlic piopei- 
ties and chemical natui c of acids ami bases will 
he given iii Chapter 12 

17 Reactions of Oxygen with Compounds 

In addition to its dncct combination with 
elements to form oxido.s, oxygen also reacts 
with many compounds, somctiinc.s to form 
the oxides of the elements coutainofl m the 
compounds, and sometime, s to jiriKliicc oLlior 
kinds of compounds Tims, caibou monox- 
ide (CO) IS convcited lul.o ciuboii dioxide 
(CO2) when it bums in ;iu or in puui oxygen 

2CO-b(b^2('()2 

Similaily, many othei oxides in which the 
pioportion of oxygen to I lie other element is 
smaller than is possible aie convcited into 
“Ifigher” oxides The reactions of some of 
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these oxides are shown in (.ho following 
equations 

2 NO +()2--^-2N02 
2(W) + O. — >--l CuO 
4FeO -l-(h — >-2Fei,()3 
2 SO" +O 2 — >-2vS(h 

Some cleineiilH form onlyoru' oxide, for those, 
of course, fiirlhor roaelion willi oxygon is 
out of the (inoslioii 'This is I, rue of (ho oxide 
of aliiiniinmi, AhOa, and the oxide of eal- 
cium (lime), (’aO 

Oxygen also reai‘(s wil.h many other sub- 
stances that aie not oxide.s Viiiegai is pro- 
duced by a reaetion of aleohol nith oxygen 
in the piesenei' of eerlaiii kinds of haeteiia 

CsHsOH + (h — > ( ’ll ,t '( )( )II -h II., ( ) 

Vinegar is e.s.seiitially a sohuion of aee(ie aeid 
(0HjC’()f)II) in waiei 'Plie hnsei'd oil in 


paint haidons hoeaiise of a leael.ion of the oil 
with the oxygen in (,ho air Gasoline, which 
we may lepiosent as heptane (C7FI10), al- 
though it contains also a few other coin- 
pounds of similar composition, burns to form 
carbon dioxide and water in the piescncc of 
an excess of oxygen 01 to form carbon mon- 
oxide and water m (he piosencc of a limited 
supply of oxygen 

G7I-I10 H- n O2 — i -7 CO, -I- 8 II2O 

Paper, whieh is es.sentially cellulose, 
(f'dHinOs) r, bums m an adequate supply of 
an to form caiboii dioxide and water 

(CVHi.iOe)^ -b Gx 0 , — s- Cn CO, -b 5 x H2O 

The foiinula of cellulose is rcpiesentcd as 
(CoHKiOe)^, because the numbci of C’oHioOb 
iinils that (he molceiilo contains is unknown 
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Figure 50 Eight Torches Mounted on a Bar Used for Cutting Purposes in a Multiflame Machine 
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1 8. Uses of Oxygen 

The uses of oxygen in relation to life, in 
important reactions such as decay, the for- 
mation of oxides, and the hardening and 
drying of paints, and in the combustion of 
fuels to produce the energy that warms our 
homes and operates the machinery of in- 
dustry, have been pointed out ahcady All 
of these uses, however, involve the oxygen of 
the air and do not lequiie the pure sub- 
stance Pure oxygen also has many uses, 
and its production constitutes an industry 
of consideiable pioportiorus About 2,500,- 
000,000 cubic feet, valued in excess of 
$20,000,000, IS pioduced in the United States 
annually Most of this (between 85 and 90 
pel cent) is pioduced by the li actional dis- 
tillation of liquid ail, and the remainder by 
the electrolysis of water 
The oxygen tent is familiar equipment of 
almost all hospitals Oxygen is used in the 
medical profession to aid in cases of impaired 
respiration, as in pneumonia It may also be 
given to patients who have breathed poison- 
ous gases and administered in conjunction 
with certain anaesthetics duiing operations 
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Figure 51, Electric Are Welding 
This IS 0 photograph of welding operations on the “Big 
Inch" pipeline, constructed during the war for the trans- 
portation of oil from Texas to New York and Philadelphia 
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Figure 52, An Oxygen Tent 
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Tanks of oxyRon are carried in aubmanncs 
to lenew the oxyp;en in the air and may be 
used by aviatom who fly at very hip;h alti- 
tudes. 

In industry, oxygen Ih u.scfl with acctvlcun 
m the oxyacctylciie blowpipe toi wcldinp; 
iron and .steel durmp; the constriuhon of the 
steel framework of Innldinim, budp:ea, and 
go on The oxyKcii-hydioKeri blowinpc m 
used for cutting nteel l)catnn and jilates when 
stnictuics are deinoli.shcd; the metal is 
heated to incandeseenee by tlie lilowiuiie, 
the hydrogen ih tlien shut off, and oxygen 
alone is used to Imin liie metal d’lie heat 
that is liberated maintains the jiroper work- 
ing temperature, and the metal ean lie eut 
by the flame ahno.st as u-adily as a Knife cuts 
aloaf of butler (’omi)licuted stiiieluies tlial 
are of value only as .scrap non ean thus lie 
out into smaller parts wlmdi ean lie trans- 
ported more eonvemeutly Lniuid oxygen 
may be mixed with caibon <lusl and oil (o 
produce an explosive used in coal mining 
This exiilosive has certain advantages over 
others, such as dvnamile, for no iiijiiiimis or 
obnoxuaiH fumes are pioduced upon exiilo- 
sion, and cartridges wliieli iu(' not exploded 
are not likely to lie daiigeioiis, since tlic 
liquid oxygen soon evaporates luiline de- 
velopments miLV lead to iiiany otliei’ exten- 
sive uses of oxvgi'ii Alieaily .soiiu' ii.se is 
made of it, foi exiuuiile, in mu idling the an 
that is ased to liiiin out tlic iiiipuiilies in 
iron during the maiuilaeluie ol steel 

Review Exercises 

1. Desciilio the coiitiilmtimis of I’licsUcy, 
Solioolc, iiiiil ba\ iii'-ici' III till' cfiily liistmy of 
oxygon. 

2. Wliy dill I’ricslli'v call the gas that lie pre- 
puicd "(Icplilogisticatcd an 

3. Hew did the ])lihigistoii tlicoiy ilitTm fioiii tlie 
meiliii’ii cxiihiiiatnni of conibiisUon? 

4. Name foiii (.'oinponnds finin wliicli owgen 
can be pi ppm pil anil iIp-.i iila* tbo mcllual used 
in each case 

5 How does the, 1)1 espiue of manganese dioxide 15 
mfluence the pioduetion of oxygen fioin po- 


tassium chlorate? How could you .show that 
it produces no oxygen itself dm mg the reac- 
tion? 

6 What weight of oxygen could be obtained 
fiom 1000 g of pota.s&ium chloiate? What 
volume would this weight of oxygen occupy''’ 
(The data requiied for thus and otliei prob- 
lems m this li.st will be found m this chaptei 
The density of oxygen, page 69, is the weiglit 
of a htci of the gas, moasuied at 0'^ and the 
avciage piesauie of the atmospheie at .sea 
h'vcl 'This value vaues with the tempcia- 
tme and piessuie, hut we bhall not corihider 
hiu'b vauations at thus time ) 

7 A mixture consisting of 10 g of manganese 
dioxide and 50 g of potassium chloiate is 
lu'ated until the liheiation of oxygen is com- 
plete What 1.S tlie weight of the lesidue m 
the pontiHiK'r? What is it? 

8 Following the examples givon on page 71, 
wiitc eipiations foi the conihiistion of the fol- 
lowing suh.stanee.s (m the an) nonane, CoHjo, 
methyl aleoliol, CII,OIl, and acetone, CMIoO 

0 What eliffeipiii'c lietwecn the metal he and the 
noii-metallic elements has boon deseiihed in 
this cliaiiter? 

10 Since oxygen comhmes with so many ele- 
ments, how do you account foi the laige 
amount of it that icmains uncoiulmicd in 
the almiisphoie? 

11 t’alculiite tlic weights of meicuiic oxide, 
hodiiun nitiate, liaiium pci oxide, and po- 
tassium chlorate iccpuied to inodme 100 
hteiH of oxygon measmed at 0° C and at the 
aveiagc sea level atmosphenc piossme 

12 If meicuiic oxide coats $1 75 pei pound, so- 
dium mtiate ijl()20, barium iieioxide .|0 .f8, 
and iKitasHiuin chloiate .10 25, winch coin- 
pound would ho the cheapest wmice of oxy- 
gen foi lahoiatoi'y cxpeiiments? 

Hi. What volume of oxygen will dissolve in one 
liti'i' ol water at 20° C ? Aiiinoxiinately 
what iieiecntagu by weight of such a solution 
IS (fiec) oxygen''’ 

1 1. What volume of oxygon measured at 0° C 
and at the aveiage sea level inessuie of the 
atmos\)hcie can be pioduced by the electrol- 
ysis of 50 g of watei 

If all the oxygen m 50 g of potassium chlorate 
ih hbeiated and used to pioduce mercuuc 
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oxide, what weight of the latter can be 
made? 
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OXIDATION AND COMBUSTION; OZONE 

ll is one of the lessons of the history oj 
sricjur thill eaih luje slri>s on the shonl- 
(Icrs of the iiyes that have gone hejiiir 

SIR MICIIAEIj IiO.S'lEll 


1. Introduction 

This chaplii'r i'’ ciuu'i'incd with one major 
pi'oblom, Tho naluio mI the ('hcnncnl oliaiiKo 
that. RO rail (■oml)U''li(iii imd ollua shm-or 
roaction.s oi a siimlai iialiiic 'riicsc [(•ac- 
tions au' mipiiilani, hu icasons uhcady cx- 
pliuiu'd (pici'odiiifj; (liapiml I’lnw cotisU- 
tiite Ui(M'li('iiucal cliaiinc'' ihal idiot iis know 
best even licloic we licfniii llic hludy of 
chemist IV 

2. The Nature of Oxidation and Combustion 

All ol the iciu'lioMs III vUiicli owKcii com- 
bines with lice cb'iiiciils and llios(' m winch 
compounds icacl with ovwumi iiia\ !)(• in- 
cluded nndei the pencial leini ol m nlitlnm, 
which imdiidcs, how c\ Cl , iimn\ olhci chenn- 
ral ehiuip;es 'I'licsc changes niav lie -'low or 
rajnd, thus, non is o\idi/cd slowly when d, 
iiists, and il is idso o\idi/ed when it Imins 
lapidly and hiillriiilh in imic o\\p;cn 
When it hui'iis, non nndci’Kocs iinnbusluni 

Bcfiiic wc Clin piiipcilN dcliiic these tciins, «(• 
must dcsciilic the mum lipes ol icacluuis to 
which llie\ Hie upplicd (Isidutloii tiiiil (oiiilms- 
liun me imt teiins licit me applied oiil\ to tin' 
iciictiiiiis of ii\\(;eii Ihev me much imiie gen- 
eral If non IS expo i il to the uclion ol moist 
clilonne, it (omlunes with that element tii loim 
fciniiis ililoiide oi leiiic chloinle, h'cCi!! oi 
I'eCTa If hcalcil and il lincK cnonu;U iluidcd, 
it may c\cii Innn in ])mc cliloiinc, foiimiif; the 
same cmipiounds Finch dnided /.nu andsulfm 
react i inounisK to foi m /'inc snllidc wh(>n lu'iitoil 
The reaction liljciates heat and light and closely 


lescmbles, m eveiy way, the burning of papei oi 
wood HI an oi iiiii e oxygen A sti earn of hydi ogen 
gas, when ignited, biiins in clilonne to form by- 
diugcn diloude, exactly as it laiins m oxygen 
to foim livdiogcn oxide (watci ) These leactious 
iiuolvo oxidation inst as tiulv as the combina- 
tums ol 11(111 and rune with oxygen to loim oxides 

In aiiiviiig at a jnopei defimtioii lor oxidation, 
wc must note, also, that ccitiun coinimuiuls m 
wliieli an elemmit is alieady comhmed with oxy- 
gen, 01 with some othei non-motallic element 
such as eliloiine oi sulliii, may eonibine with 
male of the same element Thus, caihoii com- 
hincs with oxygen, when the supply nl the lattei 
(■lenient is limited, to hum call ion monoxide ((’()) 
This snhstanee iniiv coinhine with nioic nxygeii 
to loim ciiihon dioxide (C'Od Similaily, non 
eoiiihmes with (hloiiiie to lorm leiious cliluiide 
(FeCl.), and in the iiieseiiee of sulhcient chloime, 
tins cmniioiind is eomeited into luirie chloride, 
I'Ve 'll 

We must note, too, that the oxygen, clilonne, 
Ol othei iion-inettil that takes pai t m the oxida- 
lion need not lu’i cssaiily lie in the fiec state, 
it mav henlieady eonihmed with otlici Glemciits 
Foi example, miignesiinn, if healed in the [iK'senee 
of steam, Ian ns hiillianlly Ilcie, the inagne 
Slum eomhmes with tlie oxygen that was oiig 
inally ]iiesent in llie walei It lorms magnesunn 
oxide (iMgth. end tliu hydiugcu of the water 
Is set fiee 

3 A Definition of Oxidation 

I'hieh of the following iciietions involves 
the oxidation of calcium , 

2('ii+ ()2 — >-2 (Oa++-l- 0=) 

Ca + CI 2 — Ca-i-i- + 2 Cl" 


OXIDATION AND 

In each of theae reactions the same change 
occurs in the atoms of calcium, namely, the 
loss of two electrons pei atom In the first 
leaction the electrons aie lemoved from cal- 
cium by oxygen and in the second by 
chlorine In each reaction, theiefore, the 
valence number of calcium is increased from 
0 to +2 In the leaction of iron with 
chlonne, 

re+Cb^Fe++ + 2Cl- 

the iron atom loses two electrons to chlonne 
atoms, and the valence number of iron is 
increased fiom 0 to -|-2 AVhen feirous 
chlonde, FeCila, is convcited into feiric 
chlonde, FeC'lj, 

2 (Fe-H- + 2 C1-) — ^ 2 (Fe-^ -b 3 Cr), 

anothei electron is lost by each atom of iron, 
and the valence number of iron is again in- 
creased, this time from -b2 to +3 

When carbon leacts with oxygen to form 
carbon monoxide, and again when carbon 
monoxide is converted by additional oxygen 
into carbon dioxide, 

2C -fOa— >2CO 

2 CO + Oa — ^ 2 COa, 

carbon is oxidized, although there is no 
tiansfer of electrons from one atom to an- 
othei, and no ions are foimed The valence 
number of carbon, however, does increase 
first from 0 to -1-2 and then to -|-4 

TFe may define oxidation as a reaction in 
which the 'positive valence number of some 
element is increased or the negative valence 
number is decreased ^ If the compound pio- 
duced IS ionic in character, -uie may add lhat 
oxidation involves the loss of elections by an 
atom or an ion 

Perhaps we should add a few words legaiding 
oxidation m those reactions m winch electrons 

^ We are thinking here of the numerical value of 
the valence number without regard to sign. A 
change from —3 to —1 or from —1 to 0 is regarded 
as a decrease in the negative valence number. A 
change from 0 to -f-l or from +1 to +3 is regarded 
M an increase in positive valence number. 
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are only shared by atoms In such cases, the 
assignment of positive and negative valence 
numbeis to elements is laigely arbitrary Even 
when atoms share elections, however, there is 
usually consideiable dilference in the degiee of 
attiaction that the two atoms have foi the pan 
of electrons between them In most covalent 
compounds it is easy to select the element that is 
oxidized, in geneial, this element is the one 
whose atoms have the weaker attiaction for elec- 
tions The carbon atom, for example, has foui 
elections in its outermost gioup, chlorine has 
seven, and oxygen has six In a compound of 
carbon with oxygen oi chlorine, there can be no 
doubt, therefoie, as to which element attiacts 
elections inoie stiongly Chlonne and oxygen 
actually acquiie electrons by pulling them oft of 
some kinds of atoms, caibon seldom does this 
Atoms ot chlonne anil oxygen requite only one 
and two electrons, lespectively, to complete 
stable gioups of eight Hence they would be 
expected to attract elections that they share 
with eaibon moie stiongly than does the lattei 
We might lepicsont this condition — m a puiely 
theoretical mannei — by showing the pair of 
elections that is shaiecl as diawn closei to an 
atom of chlonne and faither fiom an atom of 
caibon, 

.C Cl 

instead of showing them exactly midway between 
the two atoms Chlonne and caibon do not 
combine directly, but the compound CCh can 
be made m other ways Carbon and oxygen do 
combine, and theoretically the caibon atom 
shaies two pairs of electrons with each atom of 
oxygen in carbon dioxide, CO 2 , 

0 C 0 

When such leactions ocoui and compounds 
such as CCh and CO 2 aie pioduced, we think 
of the oxidized element as the one whose atoms 
contain the smaller numbei of electrons in then 
outeimost groups Sometimes, as m SO 2 , the 
atoms that combine contain the same number of 
electrons 111 this group, but even m the compounds 
formed by these atoms there is probably a differ- 
ence in the attraction for electrons. The smaller 
atom — the one oontaining the smaller total 
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number of electroiiH and fewer electron groups 
around its nucleus — attracts elections moie 
strongly than the laiger atom. This eomhtion 
results because the sliaieil elections, oi any elec- 
tions can appioacli closei to the nucleus of the 
smallei atom, and therefore will lie inoie tnnily 
held by that atom than hy the huger one In 
such compounds we may think of the element 
composed of the largei atoms as the out' that is 
oxidmed. Insulfui dioxide, KO., the sulfui atom 
is larger than the oxvgeii atom (see 'Pahle II, page 
54); and Imnce we eonsidei sulfur as the element 
that is oxidized. 

4, Reduction 

In the leiutioim of oxigen willi eiilelum 
and of chloimc wilh enlemni and non, atoms 
of the two non-nietal.s aeipiiie eh'etioas fiom 
atoms of the inetals, theiehy lieeoiiuiig nega- 
tively charged ions 'I'lu' urj/alivr, valence 
numbers of chlorine and oxygen uie m- 
oreasccl ui these ieaetiou,s, tliat of elilomie 
changing frotn U to 1. and tlial of owgen 
from 0 to -2 Hiiiiilailv, in llu' reaelion ol 
caibon with oxygmi, llie negative valenee 
number of oxygen i.s iiieieased lioin 0 (o - 2. 

A leaition »t wlm'li (/ic ncfpi/me mirnre 
number of nimir rtnnmt in inartisitl, oi the 
fosihw valence nuinlni in deeietined, in railed 
reduchm d’lius, il a luuisler ol eleelions 
from one atom to anolhei oeeui-s, lediudion 
involves a chang(‘ in wlutli lUoius ol some 
element gam elec irons 

5. Oxidizing and Reducing Agents 

In reiu'tions lUvoUmg oxidation and ic- 
duulion, the subs! aiicc (hid causes (he oxida- 
tion of anolliei .siibslauee is culled tlu' 
oxidizing ageiil, and (he .sub.stauei' oxidized 
is called the ledming aguit In olliei words, 
atoms or ions ol (lie oxidizing agent biing 
about an ineiease m (he po.silii’e valenee 
number oi a deeiease in (he negalive \alenec 
numbei ol atoms oi ions ol (he leihieing 
agent; eonveiNclv, aloius or loii.s of the le- 
duemg agent Ining uhoul an ineieuse in (he 
negative valenei' number or a deeieiuso in 
the positive valenee mini bei ol atoims or ions 
of the oxidizing agent. Whencwei tiansfei's 


of electrons occur, atoms or ions of the ox- 
idizing agent acquno elections, thereby in- 
ci easing their negative chaige or decioasing 
their positive chaige Atoms or ions of the 
icdueing agent lose electrons, theieby m- 
eieasing their po.sitive charge or decreasmg 
their negative chaige 

Other Examples of Oxidation and Reduction 

In ordoi that wo may fuithci explain the 
use of the teims o udizing and i educing agents, 
let us consider the following oxiclation-i educ- 
tion leaetimi.s 

(1) 2HC'1+02 — t-HsO + Cla 

(2) CuO-f I-Li— t-H^O + Cu 

(11) 2 + 3 Oi — 1-2 I-aO + 2 SO 2 

(-0 2 (Fe'-H + 3 Cr) -b HjS — t- 

2 (Fe'-i- -b 2 C1-) + 2 (1-1+ -b Cr) + S 

111 reaction (1) the negative valence nunihci 
ol ohlounc IS deei eased fiom —1 to 0, at the 
same time the negative valenee numbei of 
oxygon iH increased Irom 0 to -2 Chloiino 
IS oxidized and oxygen is lediicod Oxygen 
Ls the oxidizing agent, and hydrogen chloridi' 
- or, more strictly siicakmg, the chlonnc of 
the hydiogeu (dilonde — is the lednemg 
agent In leaeiion (2) coppci is reduced and 
hydrogen us oxidized In (3) sulfur is oxi- 
dized from —2 in HaB to -b4 in BO2 Oxygen 
IS the oxidizing agent; and hydiogon sulfide 
— or, strictly speaking, the sulfui that it 
contaiius — is the ledueing agent In (4) 
non IS leduecd fiom +3 to +2, and sulfur is 
o\idiz(‘d form -2 to 0 The oxidizing agent 
ill this rcaetiou us the fcirie ion, Fe' ' of 
the lotrie ehloiido, and the lediiemg agent 
IS hydiogeu sulfide 

Ix't us point out, hrially, that each of tlu 
ieaetion.s that we have duseussed above in- 
volvo.s both oxidation and reduction One 
substance is oxidized only when another is 
leilue.ed. 

6 Combustion 

When oxygen reacts with other elements 01 
with compounds, heat usually is liberated, 
but this IS not always true. Nitrogen and 
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oxygea combine to form nitric oxide, for ex- 
ample, only when energy is absorbed On 
the other hand, when caibon combines with 
oxygea to form carbon monoxide, GO, or 
carbon dioxide, CO 2 , heat is libciated. The 
latter reaction may become so vigoi ous that 
light, as well as heat, is produced Because 
of the heat that is liberated, the temperature 
rises, and finally the carbon becomes incan- 
descent (emits light), as the temperatuie 
uses, moie and more of the libciated energy 
appears in the form of light The same le- 
action, occuiiing at lowei temperatures, 
without the libciation of laige quantities of 
heat and without the pioduction of light, is 
spoken of as oxidation, or '‘slow” oxidation 
in contiast to the more rapid piocess that 
occurs during burning Combustion, as the 
terra is used in lefeiring to leactions of oxy- 
gen with difleient substances, differa thcie- 
foie from slower reactions of the same chai- 
aotei only m the vigoi of the reaction and in 
the forms and quantities in which energy is 
liberated gencially used, the term com- 
husiion refers to vigorous and rapid oxidation 
by ozygen attended by the liberation of energy 
m the fui m of heat and light Beac tions othei 
than those that involve oxygen, however, 
also libciate heat and light, and bonce com- 
bustion IS not strictly confined to the le- 
actions of oxygen. A jet of acetylene, foi 
example, burns biilliantly in chlorine 
G 2 H 2 -f C'h — h 2 HCl -1- 2 C The same is 
tiue of hydiogcii 

H 2 + 2 HCl 

The eapacity of causing combustion is not 
limited to the elements Magnesium bums 
almost as bidhantly in caibon dioxide as it 
does m an A glomng splint of wood placed 
in a sample ol nitrous oxide (N 2 O) bnists 
into flame, just as it does when it is placed 
in puie oxygen Kven watoi bums m an 
atinosphcie of puie fluoiine The diiect 
union with oxygon, theiefoic, is only one of 
many types of combustion, and combustion 
is mciely lajnd oxidation 
Although combustion is always accom- 


panied by the evolution of light, the converse 
statement is not always tiue. Light may be 
produced by othei means than combustion 
Thus, the metal filament in an electric lamp 
does not burn in the oidinaiy sense, There 
is no oxygen in the lamp to support combus- 
tion If there weie, the filament would -soon 
be oxidized completely, and the lamp would 
be woithless Light is produced when the 
wire IS heated to incandescence by the cur- 
rent of electiicity that flows through it The 
wne offeis resistance to the cuirent, and m 
ovei coming this lesistance some of the elec- 
trical energy is conveitod into heat and 
finally into light when the temiieratuie 
reaches a point at which the tungsten fila- 
ment becomes incandescent In an electric 
lamp, the efficient use of electricity letiuiics 
that as much of the energy as po,swble be 
converted into light instead ol heat 

7 Kindling Temperature 
Different substances must bo heated to 
different temperatuie, s beioio tJiey igmLo 
and continue to bum in an without turtlier 
supply ol heat fiom an outside .soiuce 
Some substances, sucli as clay and sand, will 
not Ignite at any tempeiature, because the 
elements that they contain liuve alicady 
combined with as much oxygen as they aio 
capable of combining with, and further reac- 
tion is iinpo-ssibJe Boine ,sub,sLtinccs ignite 
at veiy low tompeiatuies White phos- 
phoius, foi example, ignites at about 35“ C 
Gasoline ignites at a lower teiiiiieiatuie than 
kerosene, and keiosene at a lower temiici.i- 
ture than motoi oil Ethoi iguito.s at a lowci 
tempeiature than alcohol JVIatcho.s eiialxHl 
with paiaffin, wliicli igiuLes at a lower tom- 
peiature than wood, arc more easily ignited 
than matches not thus treated ’^riie paralliii 
Ignites soon after the head of the match i,s 
stiuck , heat i,s libciated, the tcmpeiatuie 
rises, and finally the kindling tempeialwe of 
the wood IS leached 

The kindling tcmpeiatuie, at which a suhstanco 
bu) sis Vito flames and combustion proceeds wUhuul 
further application of heat, is not a dolmite tem- 
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peratiire, It mriMilcuLlilv tl{‘i><‘ii(liiiK njum 

tlie .state <if <li' "f t'>'' ''Uli'-tanee lum ami 
lead can be iiimlueeil in -iiiinll enough jiaitieles so 
Ihat they \'il> iwnte iMllinuf iiielnmnaiy heating 
ivhon they me iiouied funii n mutiurnn into the 
air. "I'l""’ effei t is eiuisiMl lij the mmv liiine 
aimnint of sin face e\iio-.|.tl to (lie air Kmely 
divided pailieles nITei niiieli iiioie snilaee than 
the .same weiuhl of the sulistanee in oiii' laifiic 
mass 

The follownn; e\|ieiinieiil may lie iieifoimeil 
to demoiistiate tlie I'lfeet of a line stale of divi- 
sion npon file kindling pond and tlie lale of 
oxidation Iniiely duided lead may he ineiiuied 
by hcatinti; lead taitiate \ei y slowlv in a test tube 
The poinpoiind d(‘eoinpos(.», and all th(‘ elements 
except lead ate expelled as mises If the con- 
tents of the tnlie is not healed too lapidlv oi to a 
high tempeialiiie, lead max he pie|iaied m a 
voiy fine stnte of dixision Miei the leudioii is 
complell’, the tiihe -honld he lightlv eoiked until 
the oxpeiiiiieid is to he peilomiecl When IIk* 
cioik IS leiiioM'd, and sunie ol the lend is shaken 
into file an, eomhiistion m -|ionlaiieons 'I he 
fine li'iid pailieles hniii wdli lla-lies of light, 
evolving smoke that eoiei-ls laigelx ol puilieh'S 
of lend oxide ( I’lit )1 

The inessoie of the an m oxxgen in eontaet 
with tlie siilistiuiee, ami tlie pie-eiiee toi nliseiiee) 
of catalvsts, aho lia\<' a piomnmeed elTei t upon 
the kindling tempeiatiiie ol n gixen snlisiauee 

8. Spontaneous Combustion 

Wlieii a .siilisiiim e iixidi/es slowlx, jn.sl ns 
mtieli lieal m hhei.ileil as wlieii ilie same 
xveigld ol till' siilisiiun e Iniiiis ipin klx 'I'lit! 
leinperaliiie III sulisiniiees tlml uin lei go slow 
oxidation duos mil lioimne xorx Ingli, lie- 
eaii.se llio lioal is liliemlod shmlx, ami llio 
suiromidiiig olijeils, im hiding tlio an, ali- 
sorl) il as lapnlh as il e lele.ised 'I'lio eii- 
eigy lllieialed diinng llo oxidalimi is sral.- 
lered or dissijiaied 11 sluu oxidal inuiieeniN 
under I'liiidUuiiis th.it do not poimil heat In 
beilissipaled as lapidlx as it is lilicialed, the 
tcuipeialiire slow |\ hm... \\ dli llie use iii 

leiniieralme, tin nxidalioii inle alsn m- 
cieases, ami lieal m hlieialed mine lajinllv 
Evenluallx’, (he temiieiatilie id the kindling 
point of the .sulislniiee m lenctied, ami upon- 


lancous eomlnastion lo, suite Rags soaked in 
linseed and csthei oils idti'n iguit.i' spontane- 
ously The Otis slowly oxidize, and because 
of (ho poor tlieiinal conduetmty of the 
mgs, espoeially li they are iluoxvu m a heap, 
tlw> lempeialiiiG of the nias.s ineiea.so.s At 
ingliei tompeiature.s the oil oxidizes inoio 
rapidly, raising the teinperatui'e of the lags 
to a still higher point, and so on, until the 
mass isuddt'iily bursts into flame 

The .slow oxidation of coal lesulte in gieat 
lossr's TTils is csiiei lally true of finely th- 
vided hituminous, oi .soft, coal If the eoal is 
piopmly stored in thin layeis, the heat is lost 
rapidly Undci impiopei storage condi- 
tions, howexci, heat accumulates, and siion- 
taneoiis eomhustum often results d'lic 
slow oxidation ol eoal, and fiie.s resulting 
fiom spontaneous eoinhustion, cause a veiy 
eonsideialile loss each yeai Tine eoal 
should not lie mixed with Imii]) coal, since the 
foinier picvciils tlii' ii'oc cnculation ol an, 
a 111 lie ciieiilatioii id air, ol course, is wuiiC 
than none at. all, heeaiise it piovidcs the oxy- 
gen Ihat IS iK'ci'ssan fm oxidation, and thus 
lilicraU's luster than it can leniove the heat 

9 Flame 

'Pile eoinhiistioii ol many, hut not all, 
sulistances is ai companied hy the prodiu- 
tmn (d (lames Wood and coal, especially 
liitumiiums orsolt coal, pioduco (lames when 
thev hiiiu, Init chaicoal and coke do not 
Flames aie liiiiiung gasc.s When wood oi 
soil eoal IS healed to the kindling point, ol 
exeii heloie (hat ternpeiatuie i.s leached, 
eomhusllhle gasi's oi xuipois aie libm.ited 
T'liixse substances usually ignite at a lowei 
(empeialuic than Hie residue ol w'ood oi coal, 
ami llieirconihustioii pioiluccs (he cIlocL that 
w(' call lianie ( 'liarcoal is made liom wood, 
and ci)k(> lium coal, hy heating wowl oi coal 
111 the alismicc ol ah to prexent combustion 
During the peiiod ol heating, volatile suh- 
staneos escape, and tlieie is lelt a lesidue con- 
sisting, in each instance, prmci]ially ol the 
eioment eaihon When charcoal and coke 
burn, theieioie, no combustible vapois aie 
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lihenited, and theie is no flame The gas 
hbeiiited when coke is made iiom coal is 
useful as a fuel, it is called (oal gas 

When lijMlingeii bums, theip is flame, since 
hydinsreti is a but the flame is almost with- 
out cnloi The flame pioduced by buiiiing wood 
01 coal, howevei, is ooloied yellow Flames aie 
usually coloiless, if no solid pai tides aie jnesent 
in the buiiiiiig gases, and if none aie pioduted 
by the decomjiositmn of substanues in the gases 
as they burn The hydrogen flame, toi example, 
eaii be coloied yellow if a small quantity of 
sodium chloiide is volatilized (changed into 
vapoi) and mixed with the buinmg hydiogen 
Wheiievei sodium — eithpi liee sodium oi a 
sodium compound — is heated until it is incan- 
descent (begins to emit light), the coloi of the 
light tliat it pioduces is yellow. Incandescent 
bauum chloude i.s gieen, potassium tliloiide, 
violet When coal gas bums, some of the com- 
pounds in the gas decompose, and some fiee 
caibon IS hbeiated The e pai tides of carbon 
emit coloied liglit when they aie sufficiently 
heated, the color depends upon the tempsiatuie 
Similai effects ate not produced when hydrogen 
burns, because there are no solid pai holes in the 
flame 

10 The Relation of Oxygen to Life 
The energy of the steam engine comes in- 
diiectly fiom the burning of carbon, or com- 
pounds ol caibon and liydiogen, in coal or 
gas to form, chiefly, carbon dioxide and 
watei The eneigy of the human body is 
derived fiom the oxidation of somewhat sirai- 
lai inatciials — foods and the waste mate- 
rials of the body Some food is oxidized 
directly, some is stoied until it is needed, 
and some is used to build up ti .sues to lake 
the place of those that have giown old and 
have been bioken down in the diffeient 
changes that occui in the body Tlie waste 
mateiials aie oxidized to foim soluble sub- 
stances that can be can icd away in the blood 
and ehraiiiatod, finally, through the ladneys 
and luiig.s A part of the encigy leleased 
during oxidation is used to maintain the 
pio])ei tempeiatiiie of the liody 
In the lungs, oxygen passes into the blood, 
where it combines with hemoglobin to forrri 


red oxy-hemoglobin, which is responsible for 
the coloi of blood in tho arteries In this 
fonn it is carried to the tissues of difleient 
pails of the body, wheie it is icleased fiom 
its combination with hemoglobin and is 
consumed in the oxidation ol food and waste 
materiaLs The blood, now containing hemo- 
globin, returns through the veins to tho 
lungs, them it hbciatcs caibon dioxide and 
collects arioLhei supply of oxygen 


CONDITIONS THAT INFLUENCE THE RATE 

OF OXIDATION AND OTHER REACTIONS 

1 1 The Conditions 

Warm milk becomes soui mine quickly 
than milk placed in the relngeiator Siili- 
stances bum in pure oxygon inoio vigoimislv 
than m air In the picseiice of finely divided 
platinum, hydiogcm and oxygen comliinc 
to lorm water much more rapidly than they 
do, at the same temperature, wlicn platinum 
is absent Powdeicd coal oxidizes moie 
lapidly than lump coal These statements 
call attention to foui conditions that alfoet 
tiic speed of oxidation and other typos of re- 
act, ions f,empeiatiiie, concentration, cata- 
lysts, and the stale of division or amount ol 
suiface exposed Warm milk becomes soui 
more rapidly than eok! inilk, because the 
chemical change involved occiiis much moie 
rapidly at the highei tempeiatiiie, oxidation 
IS mom rapid m puie oxygen than in air, be- 
cause the foimei is inoie concentiatcd than 
the latter, platinum catalyzes the leaction of 
hydrogen and oxygen, and coal in powrlmed 
form oxidizes mom lapidly than m lump 
fonn, because mom suiface is exposed to the 
action of the oxygen in (,hc an by the fine 
pai tides than by the lumps 

12 Temperature 

In general, the speed of a reaction is 
doubled lor a rise of 10° in the temperatuie 
of the substances involved in the reaction 
If the same rule holds for very low tempera- 
tuies, a leaction completed in two minutes 



81 


CONDITIONS THAT INFLUENCE THE RATE 

at 20“ would lequiie about seven and one 
hall yoaia for completion at —180°, a tem- 
peiature that can be leached by means of 
liquid air One effect of the change in tem- 
peiatuio can be leadily iindcistood The 
velocities of the molecules arc inci eased as 
the tempciatuic uses, and hence the le- 
acting molecules meet more friHiucntly, and 
more molecules have the oiipoit, unity ot par- 
ticipating in the reaction in a given peiiod 
of tune than would at a lowoi teinpeiatuie 
An increase in tempeiatuio, theicfoie, re- 
sults in the piodiiction of laiger quantities 
of the products of the reaction in the same 
peiiod of time 

The explanation offciod above does nol, 
explain, howevei, all vaiiations in the 
speeds of leactioiis at dilfeieiit teinperatuies 
Sometimes a change ot 10“ increases the 
speed of a leuction many iuiK's The cause 
of such effects will be discussed in ( lhaptci 28 

1 3 Concentration 

Piiie oxygen supports combustion moie 
readily and moic lajiidly than an, because 
foul filths of the an is ml, logon, which takes 
no part in the leaction Puie oxygon is inoie 
conecntiated, i e , it contains inoie oxygen 
per litei than air And iiuic oxygen under 
piessiiro IS still moie concentiated than pine 
oxygon under atmosphciic iiressuie Clon- 
centiation is a mcasiiie ol the number of 
molecules of a leactmg substance in a unit 
of volume, such as the cubic coiitiinetei or 
the htei We should not contuse concen- 
tration with the total ciuantity of a substance 
that may be iiicsent Theie is about the 
same (piant/ity ot oxygen, tor example, in five 
liters of ail as in one litoi ol piiic oxygon 
In the ioimer, however, the concentiation is 
only one filth as gieat as in the latter The 
eflect of incieased concentiation upon the 
speed of a loaction is not difficult to uiidei- 
stand Naturally, the moie molecules of a 
reacting substance in a given volume, the 
gieatei will be the number of chances that 
these molecules will leact with the molecules 
of anothei substance in the same space 


OF OXIDATION AND OTHER REACTIONS 

14 Catalysts 

The effect ot plat, mum upon the reaction of 
hydrogen and oxygen, and the siinilai effect 
of othci substances on othci leactions, is 
called cataly&ift, and the agent producing the 
effect IS a ralnlyd A catalyst docs not start 
a rc'action, it merely changes the leaetion’s 
velocity Many icactions occui so slowly 
at low tompciatuics that no change is per- 
ceptible But the piopci catalyst may in- 
cicuse the velocity ol such a reaction, with- 
out changing the tompi'i-atuic oi otliei con- 
ditions, and thus the elfects of a reaction 
that otherwise does not appeal to occui, be- 
cause it IS ,so slow, become veiy noticeable 

Some eat.ilv.stb lue iiseliil because they letaiJ 
ceitaiii leactioiis, but most of the calalv.sts used 
comiiioiciiilly ai o valuable because they accclciatc 
leuetums that otheiwise would be too slow to 
he piaeticable 'fins use ol a latalyst is ho- 
queiilly of consicleiable iinpoitaiiee in the maiiii- 
factuimg mdustiics, loi it allows a gieatci 
(luantity of the pioihusts of a leaetioii to bo 
maiiufaetuied lu a dehuite penod ol tinic The 
use of a catalyst is especially practical when 
iindosiiahlc icsults stum fiom iiiisiiig the leni- 
peiaturo to speed the icaclion Although an 
iiiciease iii tempeiatuio always icsults m an 
iiicieaso m speed, it olten Inqipens that a icaclion 

15 less complete at the liighei teinpeiatuie than 
it would be il it weio earned out at a lowci tem- 
])eiaUiro At high iemiiciatuies, thoicloic, the 
pioduet may be made inme rapidly, but the total 
amount that can be pioduced is smallei than 
the amount that can be foimod fiom. the same 
quantities of staiting materials at a lowei tem- 
peiatuie Puithcimoie, some substances aic 
decom|)oscil, foimiiig iiioducts that aio not 
wanted, when the teinpeiatuie is laiscd When 
such loaetinus occur, a catalyst is dcsiiuble in 
oidci that the speed may be incieased at low 
teinpeiatuie without deei easing tlic total possible 
yield 

1 5 State of Division 

When substance, s — liquids and solids — 
aie finely divided into small giains, thieads, 
Ol drops, the amount of surface is gioatly 
increased This incieasc in surface permits 
better contact and hence more chances of 
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reaction than aie possible when the same 
feubsLances aie used in coaiaci states of divi- 
sion An extension of the suiface really 
amounts to an increase in the conccntiation 
of the reacting mateiial Many examples 
can be cited to show this effect Shavings, 
•splinters, oi kindling bum much moie lap- 
idly than the same ([uantity of wood in the 
foim of a log Lumps of coal burn slowly, 
but a mixtuie of coal dust and an can be ex- 
ploded with a spaik oi small flame — ■ and 
this veiy leaction accounts for many mine 
explosions Similai explosions sometimes 
occur in flour mills, oi wherever finely divided 
combustible mateuals of any kind are mixed 
with an 

16 The Effect of Chemical Characteristics of 
Reacting Substances 

In addition to the conditions alieady de- 
sciibed, the chemical natures of substances 
— the kinds of atoms that they contain and 
the mannei in which these atoms aie held 
together — play an important part in de- 
tennimng the speed with which they react 
with one another For example, at a given 
tempeiatuie and for a constant concentra- 
tion of oxygen, some metals combine much 
moi e rapidly with oxygen than otliere Simi- 
lar diffeiences are noticeable in the leactions 
of the halogens — fluoiine, chloiine, bro- 
mine, and iodine — with hydiogen Fluo- 
iine leacts with hydiogen explosively even at 
—250°, a mixtuie of hydrogen and chlorine 
can be exploded by exposuie to a blight light; 
biomme and hydrogen leact leadily when 
heated, and the reaction between iodine and 
hydrogen is not complete undei any condi- 
tions Difleiences in the rates ot the re- 
actions of diffcient elements, under the same 
conditions, can be explained only by consid- 
ering diffeiences lu their chemical eneigy and 
m the stiuctuies of thou atoms and mole- 
cules 

OZONE 

17. An Allotropic Modification of Oxygen 

Shoitly altei the discoveiy of oxygen, ex- 
peiiineiith m winch electiic .sparks were 


passed through the gas at ordinary tempera- 
tures resulted in the production of a .sub- 
stance possessing a peculiar odor. Later the 
odor was found to belong to a substance pro- 
duced from oxygen under the influence of the 
electric sparks Investigation of this sub- 
stance showed that it resembled oxygen in 
many respects, but was not as stable and 
po.ssessed much greater chemical activity 
A study of its composition revealed that its 
molecules contained only atoms of oxygen 
It IS now known as ozone and is classified as 
an cdlolropic modification of oxygen Differ - 
enL forms of Ihe same physical stale of a sub- 
stance aie called alloLropic modijicattons of the 
substance Sevcial of the elements and some 
compounds exist in diffcient forms analogous 
to ozone and ordmary oxygen 

Strictly .spealaiig, oxygen and ozone aie cliffci- 
ent substances, although both aie composed of a 
single kind of atom We may consider them as 
diSeient substances because (1) then molecules 
have different composition, (2) they have 
different piopeities, and (3) they contain, I'oi the 
same unit of weight, diffeient quantities of 
chemical eneigy. 

The molecule of ozone is represented by 
the foimula O3, while the molecule of ordi- 
nary oxygen is O2 The change from the 
latter to the formei theiefore involves the 
addition of an atom of oxygen to each mole- 
cule The behavior of ozone indicates that 
the added atom is rather loosely held. 

1 8 Preparation 

The equation for the reaction by which 
ozone IS produced fiom oxygon is 

3 O2 fl- 68,800 cal 2 O3 

The reaction leqiuies the absorption of con- 
sidciable energy, but this cannot be supplied 
in the toim ut heat, since ozone is not stable 
at elevated temperatures The .substance is 
u.sually piepaied by passing oxygen or air 
between two metal plates, winch aio highly 
charged electrically This icsults in the oc- 
cunence of a silent electiic dischaigo in the 
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oxj'gen or air between the platcR A com- 
mon form of ozom/nng aiipiiiatuK is sliown 
in Figure 53 The innoi suiface of the inner 
tube and the outer .suiface of the outer tube 
lue coveicd witli tin foil These two layer, s 
of tin foil act as the nictallic ])la1.c,s betwi'cn 
winch the (lischiiige occurs They aio con- 
nected to an induction coil The electric 
discharge can be observed in a diuk room as 
a pale blue glow within the apiiaiatus The 
.silent elcctiic dischaigc' is widl adapted to 
the pioduction ol ozone, since it does not 
have a heating elfect Only a small jier- 
centage of the ovygeii passed thioiigh the ap- 
paratus i,s changed, ordinaiily, into ozone 



From cold, diy mygeri, yii'lds of (1 to 10 pei 
cent may bo obtained Some ol the commei- 
cial toiTOS oi ozonizing eciuipmcnt will con- 
vertfiom lb to 18 per cent ol the ovygen into 
ozone Moist, uie and high teniiierature in- 
duce the yield, but il the tompeiaturc i,s 
lowered by use ol lupnd air, yields as high as 
90 pel cent can be attained At the teinpeia- 
tuie attained in this mannei, the ozone 
separates as a luiuid, since it is more readily 
licineficd than oidinary oxygen 
Ozone IS also produced in small am()nul.s 
in othoi ways Some is produci'cl by liglit- 
iimg fliLslies, and by the action ol ultraviolet 
light 111)011 the oxygi'ii in the uppei imitions 
of the atinosiiheie The slow oxidation ol a 
piece of yellow phosjihoius that is paitially 
oxpo.sed to the an and paitially coveied with 
water lesults in the ioimation of tiace.s of 
ozone Some is also liberated in the elec- 
trolysis of watci and in other leactions in 
which oxidizing conditions are especially 
favorable 


1 9. Properties 

Ozone IS heavier than oxygen, one liter al, 
0°ri weighs 2 1-14 g The gas has a pale 
blue coloi, and the liquid, which boils at 
— 112 3°(' , IS deep blue It is mueh raoie 
soluble in watei than ordinary oxygen, at 
0“ (1 , 50 hteis of ozone dissolve in I hloi of 
water, although the piossure ol the gas has a 
considciahle effect upon the ciuantity that 
dissolves The solubility quoted is foi tlu' 
avciagc atmos|)heuc piossuic at sea level 

The chemical piopcitics of ozono aic simi- 
lai to tliosc oi oxygen, except loi its gieaku 
chemical activity Some of the metals, such 
as silver and mercury, which are not affected 
by oxygen, aie tainished lapidly by the 
foiination oi their oxides when they aie 
exposed to ozone When ozone deeomposes, 
it libeiatcs oxygiui in the atonue lorm 

0( — )-(). + O 

In the molecule ol ozone the atoms ol oxygi'ii 
shaio elections, iiiohahly m tlu' iniumei shown 
m the following theoietical loiimila 

0 0 0 

When it decomposes, this molecule loinis 
0 0 ami 0 

The single atoms of oxygen can accpiiie two mnie 
elections each hy shaimg electrons with otheis 
of then own land oi by loactmg with othci kinds 
of atoms They aie, theioloie, much nioie active 
tlian molecules of Oi When the latiei leait, the 
molecules must hist he hiokon u]) into atoms, 
since these aie the pai tides that ai tiially pai tu i- 
pate 111 chemical changes Fueigymnst he ali- 
soihcd to Inmg ahoiit such a eliauge, wiuli' tlio 
atoms liboiated hy ozone aic leady to icait m tlu' 
condition m which they aheady exist 

The pioduetion of ozone Iroin oidmary 
oxygen lequires that a huge quantity ol 
encigy be absorbed This oneigy, winch 
amounts to about 700 caloiies pei giam, is 
supplied by the electric dischaige, or by the 
chemical energy ol leading substance.s as. 
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for example, in the piodnction of ozone by 
the slow oxuLdion of phosphoius When 
ozono (Icc'oinposos, an amount oi energy 
ecpuvalont 1o that winch was absorbed in its 
lomuition Ls libeiated as heat Ozone theie- 
lore contains more chemical energy than 
ordinaiy oxygen This gieatei cneigy con- 
tent IS laigc'lj' ics]ionsihlp for the dilTciences 
between the two lou.i.s oi oxygen and es- 
pecially for the dilfcicnce in cheinieal activ- 
ity The rate at lyhicli ozone decomposes is 
gieatly iiicuxised by elevated tempciatiues 
and the pie^cnce of moistuie 
Ozone IS usually detecteil by its chaiactci- 
istiu odoi It is also detected by means of a 
stiip of filler paper that has lieen inoi.itened 
with a solution of potassium iodide and 
starch Ozone leai ts vvith potassium iodide 
to liberate iodine (dispiacenieut of iodine 
by oxygen) The lieo iodine then gives a 
blue color with the starch 

20 Uses 

Ozone, 01 air containing vaiying amoemts 
of ozone, has a numbei of uses, which are 
based upon the active oxidizing piopoities of 
the substance When ozone reacts with cer- 
tain colored materials, it oxidizes theni, form- 
ing coloiless piodiicts This leaction is called 
bleaching (doth, floiu, staicli, and othei 
niateiials aie sometimes bleached in this 
manner Ozone is also used as a disinfectant 
and deodoiant In Europe it is used to 
steiilize drinking water But because of the 
difhciilty of pioducmg it, the cost is high and 
its uses aie limited 

Review Exercises 

1 Define oxidation, combustion, kindling point, 
spontaneous combustion 

2 Papei IS composed laigely ol cellulose, 
CellioOs, m which the caiboii and hydiogen 
aie ahoady combined ivith oxygen How can 
papei burn, if burning means that these ele- 
ments combine with more oxygen'? 

3 Why can tins reaction (question 2) piopeily 
be called a case of oxidation'i’ 

4 Using the teim oxidation as it is defined in 


this chapter, explain why each of the follow- 
ing leactions is an example of oxidation 
Steam (lUO) + Carbon (C) — >■ Carbon 
monoxide (CO) + Hydiogen (H 2 ) 

Iron (Fe) + Ciipiio chloiide (CuCb) ^ 

Feiious oliloiidc (FeCb) -b Coppei (Cu) 
lion (Fo) 4- Siilfui (S) — >- Feirous sulfide 
(Fell 

5 Name the oxidizing agent in each of the re- 
actions of queition 4 

6 How do fires sometimes ouginate spontane- 
ously in bams filled with hay'? Why will hay 
that is veiy wet not ignite m this way? 

7 Explain the meaning of the teim concentra- 
tion and show how the ooncentiation of oxy- 
gen affects the rate of enmbustinn 

8 Why does powdoied coal when mixed with 
an burn moie lapidly than laige lumps of 
coal? 

9 Foi what purpose and in what mannei is 
oxygen used m the body? Where do the 
chemical changes involving oxygen occur? 

10 How IS oxygen transported fiom the lungs to 
the diffeieut parts of the body? 

11. Discuss the accuiaoy oi the following state- 
ment Oxidation is a leaction in winch oxygen 
combines with a substance 

12 When calcium, Ca, leacts with chlorine, cal- 
cium chloiide IS pioduced, calcium is oxidized 
by chloime How does tins statement agiee 
with the general definition of oxidation? 

13 Oxidizing agents aie added as ingiedients m 
fiiewoiks and matches What puipose do 
they sei ve? 

14 Why does coke burn without a flame? What 
IS a flame? 

15 Kefer to Figmes 2b and 34, Which element 
should be designated as the one that is 
oxidized when sulfur and oxygen leaot to 
foim suhui dioxide, SOj? 

16 How can the spontaneous combustion of 
powdered coal 01 oily wa,ste be prevented? 

17 When wood bums, energy is released as heat 
What was the oiiginal souice of tins cncigy? 

18 Why does fanning a file cause combustion to 
pi oceed moi e vigoi ously? 

19 How does water aid in extinguishing a fire? 
(Recall the definition of landlmg point ) 

20 Why does closing the damper below a fire in 
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a stove leflucG the late of comhu.stion of fuel? 

21, When gas is ignileil at the end oi a tiilic, \\hy 
does the gas m tlie tube licit Imiii? 

22. Why IS an olcetiic lamii ii .safei soiiiee nf liglit 
in a chusty unal iiiiiK' tlian a e/iiidle flame''’ 

23 What meiGfise in .siiifiiee would lesiilt fiom 
splitting a block of wood iiiciiMii ing d in by 
3 in by 3 in into two blocks eiicb ui(‘a,sui mg 
3 in. by 3 in by in '' 

24, Which of the lollowing stiilemeiits about 
catalysts aie tiue'^ 

(a) A cataly.st stmts a leaelion that otheiwisc 
does not oecni 

(&) The choiincal enei gv coiileiit of 'i catalyst 
IS changed when it is used (as a catalyst) 
in a leactioii 

(c) Acatalyst is not conveiled uiio adillcieiit 
substance when it is used ui .i leutioii 

(d) The ii.sc ol a catalyst is the oulymcUiod 
by which the s\iced of a icactnm can be 
changed 


(c) A cataly.st alway.s men cases the speed of a 
icaction if it has any effect at all 
(/) In some leactioiis, a catalyst is used to 
1 educe the speed 

23 Why IS finely divided caiboii ni coal mi\efl 
with Iwiuid oxygen oi an when the lattei is 
iLscd as an explosive'^ 

20 What IK the advantage of stoiiiig coal under 
watei? 
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THE GAS LAWS AND THE KINETIC 
MOLECULAR THEORY 


. . . If men were willing to regard the advance- 
ment of philosophy, more than their own 
reputations, it were easy to make them sensi- 
ble, that one of the most considerable services 
they could do to the world is to set themselves 
diligently to male experiments and collect 
observations without attempting to establish 
theories upon them before they have taken no- 
tice of all the phenomena that are to be solved 

ROBERT BOYLE 


1 Introduction 

"VVe aie Ilo^^ to study the general physical 
pioperties and behavioi of matter in its 
gaseous state Although these pi opei ties are 
veiy different for the three states of matter 
— solid, liquid, and gaseous — this study 
of gases should add something to our intoi- 
mation about the othei states, and to our 
underetanding of them, because funda- 
mentally all the states of a substance are 
composed of the same kind of matter, and 
the tliiee states aie only its three physical 
foiTns Infoiniation conceining one ot these 
foms should, theiefoie, assist us in foriiuilat- 
ing at least reasonable theories concerning 
the others 

The study of gases is especially important at 
this point in our stray for the following reasons 

(1) It piovides fuithei evidence in suppoit of 
the atomic theory and makes cleai the 
necessity for distinguishing between atoms 
aiirl molecules of some elements It also 
gives some indication of the numbei of 
atoms in a molecule of oxygon, hychogen, 
and ceitaiu othei gaseous cleinonts 

(2) It piovides Us with a iiicthoj by which the 
veiglitsof molecules of difleieiit substances 
can Ijc compaicd — a method of deteimm- 
mg moleculai weights 


(3) It gave to eliemistiy the first means of de- 
teimmmg the relative numbers of different 
kinds of atoms that combine to foim coin- 
pounds, and hence it piovidcd one basis foi 
cietei mining the composition of a molecule, 
or the foimula of a compound 

(4) The laws that deal witli the liohavior of 
gases must be understood before one can 
work accmately with gases in laboiatoiy 
expeiiments oi on a laigei scale The 
weights of equal volumes of two gases, foi 
example, cannot be compaied, until one 
unclei stands the conditions uiidei whicli the 
two volumes can be legarded as ctpial, 
unless the conditions of tempeiature and 
piessure aie exactly the same, a htei of 
oxygen collected today will not lepiesent 
the same quantity of oxygen as a htei col- 
lected tomoiiow 

2. Differences Among Gases, Liquids, and Solids 

A single solid poition ot mattei retains its 
foim and occupies the same space, regaidlcss 
of the containci in which it is placed A 
liquid fills its cuntamei to a ceitain level, the 
height of which above the bottom ol the 
vessel is determined by the quantity ol liquid 
and the shape and size ol the vessel A liquid 
differs liom a sohd in its ability to flow and 
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to fill its container umfoi-mly in all diiections 
except veitically A solid in a fine, gianular 
state, such as sugar, salt, or sand, can be 
pomed and tends to flatten out when placed 
in a heap This condition of a solid ap- 
proaches somewhat the condition of a liquid 
The difference lies in the size of the particles 
of the liquid as compared with the size of the 
grains of the solul Gases aic al.ill less re- 
stricted in movement than lupiids, in fact, 
in an open vessel gases appeal to be i estricted 
scaicely at all. They expand lapidly and in 
a short time are umfonnly distiibutcd 
thioughout the eiitiio volume of a closed con- 
tainer If the containei is not (dosed, they 
continue to expand indefiml.ely, even into 
space that is already occupied by othei 
gases This tendency of a gas to expand in- 
definitely IS called dijjimon. Tdie rate ol 
diffusion 1.S the late at whudi the gas passes 
through a veiy small opening oi thiougii a 
porous wall 

As a rmittoi ol fact, luiuids and oven solids may 
fill the entii'G sfiacc, in a certain sense, wlioii tlicy 
aie placed in a closed vessel Watei placed iii the 
lower pait ol a closed vessel ovapoiaU's, and 
water vapor fills the containor above the suilacc 
of the liquid Theie is watui, theiefoie, m all 
paits of the enclosed siuuic, Imt the watei is not 
umfonnly distiibuted m the contauioi Most of 
it IS below the .surlaco of the liquid In a .siiiiiJai 
maiinei, we may think of many solids and liquids 
as filling then eoiitaineis, but as m the case of 
water, the (quantity of the substance iii that poi- 
tioii of tlie vessel winch is not occupied by the 
liquid Ol the solid is veiy small, so small in many 
cases that one cannot easily detect it The dil- 
ference in this icspect between gases on the one 
hand and liquids and solids on the other lies in 
the fact that ga.scs luc homoi/cneoiiith/ dnstiilmted 
thioughout the volumes of tlieii eoiitamcis 

Gases also dilfei fiom solids and lupiids iii 
the relative ease with which they can he 
compressed VVe aie lamiliai, loi cxam))lc, 
with the iclativc ease with which a lather 
large volume oi an, measured under the 
oidinaiy conditioms ol the atmospheic, can 
be foiced into an automobile lire Solids 
and liqiud.s are not easily compiessed The 


volume of a gas is decreased by one half 
when the pie.ssuie upon it is only doubled; 
to produce the same effect upon the volume 
ol a liquid or a solid, the pressure would have 
to be incieased many thousand fold. 

When gases are heated, they exhibit a 
stiong tendency to expand, and do so unless 
they are confined If the gas is heated in a 
clo,sed oontainer, the pies.sure upon the walls 
is increased, and the volume icunams un- 
changed, because the walls of the container 
prevent cxiiansion Upon cooling, the pres- 
sure IS decreased, but the volume still re- 
mains the same, .since the gas fills its con- 
tainer as long as it remains a gas 

Finally, the densities of gases (density 
equals mass divided by volume) aie small in 
comparison with the densities of hciuids and 
solids One gram oi liipiid watei occupies I 
ml at , and at othei tcmperatuie.s the 
volume IS only slightly dilferent When this 
same weight of water is changed into watei 
vapoi, its volume i.s incieased about 1500 
times The density of (liquid) water, tliero- 
foie, IS about 1500 time.s as groat as the 
density ol water vapoi Wo must note, how- 
ever, that the densities of both the liquid 
and the vapor vaiy under dilfoicnt condi- 
tions ol lempeiatuio and also, loi gases es- 
pecially, undei dilfeiont conditions ol pies- 
sure As the tempciatuie inei eases, a gas 
expands, and the weight pei unit of volume 
(1 ml or 1 liter) deciease.s Under increased 
prc.s.suie, the .same weight of a gas is com- 
pressed until it occupies less space, thcicfoie, 
one unit ol volume contains more ol the gas 
and weighs moie than it does at a lowei pie.s- 
suie The density ol a gas is almost always 
e\I)ic.s.scd as the weight ol one hler at somi' 
definite Leinpciatiuo (usually 0“ G ) and 
incssure (usually the aveiage pre.ssure of the 
atmospheic at sea level) 

Gases aie chaiactcuzed, then, by pio- 
nounced capacity to expand and to dilfu.se, 
by relatively slight lesistanee to forces that 
tend to compress them, and by relatively 
small densities We do not mean to leave the 
impiession that only gases expand, diffuse, 
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and can be eompref>sed Some liquids, and 
to a much smallei extent some solids, if 
placed in contact, tend to diffuse one into 
the othei Solids and liquids also show 
changes in volume undei difteient conditions 
of temperature and pressuie These effects, 
howevei, are much smaller than for gases 


3. The Pressure Exerted by a Gas 

The niannei in which gases exert piessure 
is an impoitant difference between them and 
liquids 01 solids As an example of the pres- 
sure exeited by a gas, let us consider the pres- 
sure of the atmosphere When air is forced 
into a closed vessel, the pressure upon the 
walla is increased, indeed, the walls of the 
vessel may burst, and the effect may be 
similar to that of an explosion, if a large 
quantity of an is very rapidly foiced into 
the vessel A vessel containing air in contact 
with the atmosphere is also subjected to 
pressuie An “empty” tin can retains its 
form, because it contains air, which exerts a 
pressure equal to that from without, the can 
is m fact not empty If it is closed and con- 
nected to a pump that i emoves the air ivithin 
it, and if the walls arc not strong enough to 
lesist the piessure of the atmosphere fiom 
without, the can crumples as the au is re- 
moved 

The piessure of the atmosphere is some- 
times said to be caused by its weight, but if 
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this were true, the pressure of the gas would 
be exerted only in a downward direction — 
toward the center of the earth It is true that 
the pressure of a bai of lead upon a table 
does depend upon the weight of the bar and 
is exerted m a downward direction, the bai 
does not exert piessure m an upward direc- 
tion or to any side But within a box con- 
taining air or any other gas, there is just as 
much piessure, for the same surface, upon 
the top of the box as upon the bottom If we 
force moie an into the box, the increase in 
pressuie is distributed equally over all the 
walls We must seek, therefore, an explana- 
tion of the pressure of gases that does not 
depend upon weight And before we can 
determine the most likely explanation, we 
must learn moie about the behavior of gase* 
m geneial 

4 The Barometer 

The piessuie of the atmosphere is meas- 
ured by a baiomcter (Figure 54) A simple 
form of barometer can be prepared by filling 
a tube, closed at one end and about 80-85 
ems in length, with dry mercury The tube 
IS inverted so that the open end lies beneath 
the surface of mercury in an open vessel 
Care must be taken during the inversion of 
the tube to see that no an enters it When 
the open end is placed beneath the surface 
of meicury m the vessel, the height of the 
mercury column falls, leaving a vacuum at 
the top There is, then, no pressure, or 
only a negligible pressure due to a little 
mercury vapor, above the surface of the 
meicury in the closed tube Since mercury 
is a liquid, it would continue to fall until the 
level was the same m the vessel and in the 
tube, if there were no pressure upon the 
sill face oi the merciuy in the open vessel to 
hold the column above this level Such 
piessure is exerted by the atmosphere — a 
piessure that varies from place to place on 
the earth’s surface, and from day to day, 
and even fiom hour to hour, at any one 
place The average pressuie at sea level will 
siippoit a column of meicury 760 mm in 


Figura 54 Two Form* of tho Boromolor 
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height The height of the mercury column is 
the distance between the two mercury levels, 
one in the open vessel and the other inside 
the barometei tube Another form of ba- 
rometer tube consists of two arms, one closed 
and one open to the atmosphere (Figure 5-1) 
In this type of instrument the atmospheric 
pressure is equal to that of a column of mer- 
cury whoso height IS the distance between 
the mercury levels in the two aims of the 
tube 

The pressures exerted by all gases can be 
measured in a mannei similar to that em- 
ployed in detemining the piessure of the at- 
mosphere We arc accustomed, therefore, 
to speak of the pressure exerted by a gas in 
terms of the height of the column of mercury 
that the pressuie will supiioit against the 
action of gravity --the eaith’s attiaction 
The pressure measured by a column 760 mm 
in height is called one atmosphoi e When we 
state that the iiressuie of a gas is 200 at- 
mospheres, foi example, we mean that the 
pressure is appioximately 200 times the av- 
erage pressuie exorfod liy tlie afmosphcie at 
sea level 

5. Boyle's Law The Relation of Pressure to 
Volume 

We can easily doinoristratc (as in Figure 
55) the relation between the pressuie exerted 
by a gas and the volume that the gas occu- 
pies We undeistand, of course, that the 
tempeiature must lemam constant duiing 
the comparison of the volumes occupied by a 



Figuro 55. Boyle's Law 

the relation between the volume of a gas and the pressure 
exerted upon it 


definite quantity of a gas under different 
pressures, because changes m temperatuic 
also affect the volume, or if the volume can- 
not change because of the walls of the con- 
taining vessel, the pressure changes as the 
temperature is varied The quantity (weight) 
of the gas must also remain constant 

If the pressuie exerted upon some definite 
quantity of gas is doubled, the pressure ex- 
erted by the gas is also doubled The greatei 
the piessuie applied to the gas, the more 
pressure it exeits upon the walls of its con- 
tainer. Consideiation of Figiiie 55 .shows 
that this IS true If the pressuies fioin above 
and from below were not equal, the weight 
that produces the pres, sine upon the ga.s 
would not be suppoited The fact that this 
weight assumes a fixed position indicates 
that the pressure from below is equal to the 
pressuie fiom above 

An increase in the pressure oxei ted upon a 
gas (and by a gas), as indicated by the use 
of a larger weight in Figuic 55, is accom- 
panied by a decrease in volume, provided 
the construction of the vessel malcos tins 
jiossible We find, for example, that the 
volume lb ileci eased to one half of the oiig- 
iii'il volume, when the piessuie is doubled 
On the other hand, a sample of gas that 
excihs a pressuie of one atinosphcic, when 
its volume is one liter, excUs a piessure of 
one halt of an atmosphere, when it is allowed 
to expand into a larger vessel m which the 
volume IS two liters, piovided the teinpeia- 
tui'C does not change 

Al constant tcmpei aliu c, the vnliunc of a 
definite weight of a gas and its piessuie aic 
inversely piopoitional This law was fimt 
recognized and stated by RobeiL Boyle m 
1060 It is now called Boyle’s Law The 
law can also bo stated m the foim ol the 
foUowmg eiiuation. 

PlVl = PlV2, 

m which Pi and pz repie&ent two pressures 
and Vi and vz represent the coriespoiiding 
volumes This equation is nothing more or 
leas than a brief and concise statement to the 
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effect that the product of the pressuic and 
the volume of a gas (at constant teinpeia- 
ture) IS a constant If either one changes, 
then the other must change in the opposite 
direction and to the same extent 
In order that we may explain the expies- 
sion “inversely pioporlional,” let us change 
the equation as it is stated above by dividing 
both sides by pjVi We thus obtain 

Pi ^ ^ 

P2 Vl 

It Will be noted in the two ratios, or frac- 
tions, that the two subscripts are in a differ- 
ent (inverse) ordei, hence the piessure and 
the volume aie seen to be inveisely pio- 
portional. 

6 . An Experiment to Demonstrate Boyle's Law 

Boyle’s law can be verified by means of the 
simple apparatus shown in Figme 56 The pres- 
sure Upon the gas confined in the space C is equal 
to the pressure of the atmosphere plus the 
pressure exerted by a column of meicury equal 
to the difference between the levels in A and B 
Let us assume that the atmospheric piessure is 
750 mm , and the volume is 10 ml In Figure 56, 
the pressure has been increased by laismg the 
height of the mercury level m B so that the 
difference between the two levels is 10 mm 
The total pressuie upon the gas in C is now 
760 mm , and the volume of the gas m C is now 
found to be 9 87 ml The ratio of this volume to 
the volume originally occupied by the gas is the 
same as the ratio of the first piessure to the 
second: 

9 87/10 = 750/760 
or 

10 X 750 = 760 X 9 87, 

which can also be written m the form of the gen- 
eral equation, 

PlUl = P2Vi, 

in which Pi and Wi are the pressure and volume, 
respectively, under the first set of conditions, and 
Ps and 1)2 are the pressure and volume undei the 
second set of conditions Any slight diffeicnce 
observed between the two ratios is due to m- 



Figur* 56 Apparolus Used m Verifying Boyle’s Low 

accuracies in leading the volumes oi measunng 
the pressuie, to slight changes in tempeiatuie, 
01 to slight deviations in the behavioi of gases 
from that piedioted by Boyle’s law (page 89) 
The experiment desenbed above deals witli 
data that lesemble those of an actual series of 
measmements m the laboratoiy Somewhat 
simpler data^ — simpler to analyse and undei - 
stand — may aid the student in studying this 
law, although it is not likely that an actual 
expeiimeut would lesult in data that could be 
expressed by whole numbers If 64 liters of a 
gas at 1 atmospheie is subjected, at constant tem- 
peiatme, to mci easing piessure, the relation 
between piessure and \oliime at different pies- 
suies will be found to bo as follows 


Pressuie 

Volume 

Product, pv 

1 atmospheie 

64 htei s 

64 

2 

32 

(( 

64 

4 

16 

C( 

64 

8 

8 

({ 

64 

16 “ 

4 

u 

64 

32 

2 

(( 

64 

64 “ 

1 

{( 

64 


7 Calculations Based upon Boyle’s Law 
It IS often necessary to calculate the volume of 
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a definite quantity of a gas at some pressure that 
IS diffeient from the piessuic undci winch the 
volume IS actually mcasuicd This may he done 
by applying the equation loi Boyle’s law as given 
above To comiiaio the weights of equal volumes 
of diffcient gases, fni c.\ainple, it is iieccssaiy 
that then volumes should he determined at the 
same piessuie If we should mcasuic two liters 
of even the same gas, one at one inossine anti tlie 
other at another piessmc, the two liters would 
not ooiilam the same weight of the gas It is 
inconvemout, and often impossilile, to measuie 
the volumes of all gases under the same piossme, 
but tins IS not necessai y if we select some stand- 
ard picssure We can then ineasme the volumes 
of diffeient gases at any coiivcmcnt piessuics and 
calculate the volumes which the same tiuantities 
of the gases would occupy at the standard pies- 
suie The standaid tliat has liecn selected is 
760 mm. of ineicury If we measuie one liter 
each of two gases at diffeient pressuies, the 
volume of each at the standard piessui e, of course, 
will not lie one liler, liut this is not essential 
If it till 11 , s out tliat we have, at standaid iircssuie, 
0 6 liter of one gas woiglung 2 g and 0 7 liter of 
the otliei weighing 11 g , the weight of a litci 
of each can lie calculated veuy easdy 

2x1/0 ()=3 T1 g =the wcugliL ol i liter of A 

3X1/0 7=‘l '280 g =tlie weiglil of 1 lilci of li. 

As an ilhistiation, let us say tliat it is necessmy 
that we measuie the volume of a gas at a picssuie 
of 720 mm , although we wish to doteiimiic the 
volume of tlie .same fpiantity of the gas at 700 
mm of piessurc We find the volume at tlic ob- 
seived picssuie to he, let us say, 100 ml It is 
evident that the Miliimc at 700 inin will be less 
than 100 ml, since the picssuie is inci eased 
In making the necessaiy caleulatinn wc imdtijily 
the nbsened volume by a fiaetioii, in which we 
Wilts the smallei inessiue as the immeialoi and 
the laigei inessuie as the deiunmnatoi 

100 X 720/700 = 100 X 0 ‘)47 = <)4 7 ml 

The lower inessiiio is 0 947 ol tlie higher prcssuic 
and, m acioi dance with Boyle’s lawq the volume 
at the liighci piessuie is 0 947, cn 94 7 pei cent, 
of the volume at the lower pressure. 

If the second piessuie is lower than that at 
which the volume is measuierl, the calculation i.s 
made in the same mannei, except that the fi ac- 
tion by which the observed volume is multiplied 
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must contain the laigei pressure in the numera- 
toi If 100 ml ol the gas is measured at 760 
mm , the volume at 720 mm is found as follows 

100 X 7G0/720 = 100 X 1 055 = 105 5 ml 

In accoi dance with the method of calculation 
which w'e have just illustiated, we may wiite 
the following geneial equation 

Oi = »i X ]h/V2, 

where vi ls the volume ol gas as observed at the 
jnessiiie pi, and r™ is the volume at p 2 This 
equation is nothing moic than a modified form 
of the equation stated pieviou.sly 

PiVi = JhVi 

ViPl 

Vi = — . 

Pi 

The two eqiiation,s are thus shown to be diffei ent 
foi Ills of the same statement. 

8 Volume and Temperature 

It IS a well-known faet that a gas tends to 
expand as its temperatiue uses If the ex- 
pansion 18 pi evented by the walls of the 
vc,shel that contains the gas, theic will be no 
oliange m volume, and the increased tera- 
pciatuio will iiroduec an increase m the 
piessure of the gas But if the ga.s is allowed 
to expand, with increasing teinperatuio 
agaimst a constant prcssuic, one olxsetve.s a 
very definite relation between the lise in 
tempeiature and the increase in volume or 
between the fall in tempeiatuie and the de- 
ciease in volume A tcmiieiatiire change of 
one degiee causes a change in the volume occu- 
pied hy the gas equal to 1/27S of the volume 
which the gas oieupies al0° C , piovided tliat 
tlioic IS no change m piessure 

9 Absolute Temperature Scale 

Bet us assume that a ceitain weight ol a 
gas occupies 273 ml when the volume is 
ineasuicd at 0° C Since the volume de- 
creases 1/273 ot the volume at 0° for each 
diop of one dcgiee, the volume at —273° C 
should be zero The temperatuie —273° C. 
IS called, thoicloie, the Absolute zero The 
scale of Absolute temperature is based upon 
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this zero It will be remembered that tlus 
change of volume applies only to gases, and 
that all gases can be liquefied at temperatures 
above —273“ C Hence, the question of just 
what volume a gas does occupy at -273° is 
avoided, gases do not exist at this tempera- 
ture Absolute zero is the temperature at 
which a gas, if it did evist, theoretically would 
possess zero volume It might be better to 
state that at tempeiatuies at which a sub- 
stance does exist as a gas, the volume of the 
gas changes with the temperature in a man- 
ner that indicates the volume would be zero 
at -273° C 

The relation betn’een the Centigiade and 
Absolute temperature scales is shown below 

Centigrade Absolute 
Watei boils 100° 373° 

Watei freezes 0° 273° 

Absolute zero - 273° 0° 

10 Charles's Law 

Let us oompaie the volumes that a ceitain 
sample of gas occupies at 0° C , 100° C , and 
- 100° C Let us select a sample that occu- 
pies 273 ml a 1 0 °, this volume is a convenient 
one to use in explaimng the manner in which 
the volume varies as the temperature 

changes The pressure is constant The 

volume at 100° and at -100° can now be 
calculated by applying the rule which states 
that the volume increases (or decreases, de- 
pending upon the direction of the change in 
temperature) 1/273 of the volume at 0° for 
each change of 1° Centigiade 


Volume at —100° == 


273 ml - j 

Goo 

2 ^X 273 ml 

)= 173 ml 

Volume at 100° 
273 ml + ^ 

' i 

Goo „ ^ 

555 X 273 ml ^ 

) = 373 ml 

Centigrade 
Tempei atiire 

Absolute 

Temperature 

Volume 

0° 

273° 

273 ml 

100° 

373° 

373 ml 

-100° 

173° 

173 ml 


We note that there is no direct or inverse 
relation between the changes in Centigiade 
temperature and the changes in volume, the 
ratio of any two Centigrade temperatures is 
entirely different from the ratio of the 
volumes of the gas at these temperatures, 
and one ratio is not the inverse form of the 
other But the Absolute temperatures and 
the volumes are diiectly proportional; that 
is, when the Absolute temperature is in- 
creased from 273° to 373°, the volume is in- 
creased m the same proportion, from 273 to 
373 ml This statement expiesses Charles’s 
Law If the pleasure does not change, the vol- 
ume of a definite quantity of gas vanes directly 
with the Absolute temperalwe Gay-Lussac 
stated the same pnnciple almost at the same 
time as Charles (1801), and this is sometimes 
called the Law of Gay-Lussac 

We can express this law in the following 
mathematical form, using vi and vi foi the 
two volumes and Ti and Ti ioi the two cor- 
responding Absolute temperatures: 

= Id 

Vi ?2 

If, foi example, the volume is 373 ml at 
100° C or 373° Abs , the volume at -100° C 
or 173° Abs. can be calculated as follows 

373 ml _ 373° 
ri73° 173° 

From this equation it follows that 

*^173 X 373“ = 373 ml X 173“ and 
17 ^® 

ri73° = 373 ml X ~ = 173 ml 

This shows how the volume of a definite 
quantity of a gas at -100° can be calculated 
from the volume at 100° and the two Abso- 
lute temperatuies The Charle.s’s law equa- 
tion foL the general case m which the volume 
at one temperature, Tj, is v,, and the volume 
at the second temperatme, Ti, is Vi may be 
stated as follows. 


Vi = vi-X. Ti/Ti 
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11. Calculation of Gaseous Volumes and Pres- 
sures by Charles's Law 

The eriLiation (if Cliailcs’s law can be used to 
calculate the voluiiie of any gas at any given 
tempeiatuie hum the known volume at anotlier 
tempeiaturc, pressure loinaining constant It la 
not necesaaiy, howevei, to reinenilier even this 
simple e(iuation in iiiakiiig thcae calculationa 
For example, suppose a calculation is needed for 
the volume at 10° (1 of a gas winch occupies 
100 ml. at 41)° C The two Absolute tcmperatuies 
are 283° and 318°, re.spectu oly, and the aoliimes 
are «2 and 100 ml To find the new volume, vi, 
the old volume, I'l, must he multiplied by a fiac- 
tion In this case the smaller of the two Absolute 
temperatuie,s must be made the numeiator of 
this fiaction, since it is evident that the new 
volume will lie smallci than the old because of the 
tendency of a gas to eoiitiact as the tomiieiatuie 
isloweied. Accoidiugly, 

V 3 = 100 X ‘2S3/318 = 80 ml , 

which can lie wiitten m the I'oiiii of the general 
equation already given 

I'j =» I'l X T'l/ T\ 

It IS gencially moie satisfaetoiy to solve a 
problem, fust, fiom a consideiation of the facts 
involved, aniving at the solution by a line of 
leasoning siniilai to that which we have followed 
in this case The genei'al mathematical cciuation 
which applies to the pioblcm and all otheis like 
it can then be derived fiom the solution hist ob- 
tained If we can do this, theic can be little 
doubt of oiu undei standing the piincijiles uiion 
ivhich the solution of the pioblcm is ba.sed It 
we depend u])on the sulistitution of the coiiect 
values foi the symbols m the gcneial collation, 
we may, oi we may not, understand these piin- 

Cl])l0S, 

So far, we have consideicd cases in which the 
presBUic IS constant and the volume vanes with 
the Absolute tempeiatuie Let us now consider 
the change in the piessuie of a definite weight of 
a gas with changes m temiieiiituie, when the 
volume remains constant Undei these condi- 
tions, it IS found that the iiicssuie is also diiectly 
piopoitional to the Alisolute temperatuie, and 
we may wiite 
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wheie Pi is the pievsiire excited by the ga.s at the 
Absolute tempeiature Ti, and p™ is the pressuie 
when the Absolute temperature is T, 

12. Standard Conditions of Temperature and 
Pressure 

In the comparison of the weights of ecpial 
volumes of difleient ga,ses a siamlaid ptesswe 
(as we have alicacly stated on page 91) and 
a siatuiard iempei alure must be selected If, 
foi example, wo wish to compare the weight 
of one liter each of two gases, it i.s necessary 
that the two volumes should be measuiod at 
the same jnessuie and at the same tempera- 
ture A hter of a gas measured at one tem- 
pciatiue does not weigh the same as a hter 
mcasuied at some othei temperature, under 
comstant pief3suio, and the same i.s tiue of 
htem of the .same gas measured undei con- 
stant temperatuie conditions but undei dil- 
ferent prcs&ure.s. The standaid condition 
ol tempeiature is 0°C, or 273° Absolute, 
and the standaid pressure, lus already stated, 
is 700 inm It is not nece!3.saiy, ol couiso, 
that the volumes of gases to be compared 
should be mcasLued under these conditions 
in an expciimcnt The voluino of any gii,s at 
0° and 700 mm can bo calculated from the 
volume measuied at any otbei tempeiatuie 
and picssuie by applying Boyle’s and 
Chalk's ’b laws 

13. Changes in Volume when Both Pressure and 
Temperature Change 

To del IV e the gonei al equation that deals with 
changes in both piossiiie and tomiieiatuie we 
may piocced as follow.s. Assume that the volume 
IS I'l at piessui'c pi and tempeiatuie (Absolute') 
7V 11 the tempeiatuie is eonstaiit, while the 
volume ehauges to and the piessuie to ;u, 
by Hoyle’s law 

PlW, = P2»'. 

Now let thcpressuie lemain constant, while the 
tempeiatuie changes from 1\ to T« The v'olumo 
changes, at the same time, from v to v^, and ac- 
coiding to Chailes's law 


Ps = Pi X Ti/Ti, 
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Now .substitute this value of v' m the fii st (Boyle’s 
law) equation 

PiVi lhX~ 

■t 2 


If we solve tins equation for Vi, w'e obtain 




TiPi 


Let us considei a sample of gas that occupies 
200 ml (i'l) at a tempeiatiue of 20° C (293° 
Absolute) and a piossure of 720 mm What 
volume («.) will this gas occupy at 0° C (273° 
Absolute) and 760 mm ’ 


200 X 273 X 720 
293 X 760 


1 4. Dalton's Law Partial Pressures of Gases m 
a Mixture 

In our previoiis study of the pleasure ex- 
erted by a gas, we have assumed that the 
volume IS occupied by a single substance 
We must now considei the relation of the 
pressure of each gas in a mixture to the total 
pressure and to the lelative amount of that 
gas in the mixture Let us take one liter of 
oxygen, measured at a piessure of one ah 
mospheie Let us next assume that a liter 
of nitrogen, measuied also at one atmosphere, 
is forced to occupy the same space as the 
oxygen We thus compiess two liters of gas 
into a volume of one htci The total pres- 
sure of the mixtuic of the two gases is found 
to be two atmospheres, provided that the 
temperatuie remains unchanged Each gas 
in the mixtuie occupies the same volume — ■ 
one htei — and its molecules must eveit the 
same pressuie — one atmospheie — as they 
did beloie the imxtuie was made The 
principle involved heic is of considei able 
importance 

Dalton’s Law of Partial Pressures, which 
applies to situations of this kind, may be 
stated as follons Tho iolal ptesswe of a mzv- 
turo of gases equal to Ihe sum of the paitial 
pressures of ihe individual gases that compose 
the mixtwe Tho partial piessure ol one ot 
the gases ot the mixtuie is proportional, 


at a definite temperature and for a constant 
volume, to the number of molecules of that 
gas This piessure is the same as the pres- 
sure that the same number of moIecule.s 
would exert upon the walls of the container, 
if they alone, at the same temperature, occu- 
pied the volume that the mixture occupies 
For example, in the mixture of oxygen and 
nitiogen desciibed above, the partial pres- 
siiie of oxygen is one atmo.spheie This i,s 
the same piessuie as, tho same quantity of 
oxygen would exci t if it alone occupied the 
same volume (1 liter) as the mixture occu- 
pies The paitial pressui e of nitrogen is also 
one atmospheie, and the total piessure (two 
atmospheres) is the sura of the two partial 
pres.sures 

Dalton’s law can also he stated, perhaps 
more simplv, as follows Each gas in a mix- 
ture exerts the same piossaie as it would 
exeit if it alone occupied the whole volume 
that the mixture occupies, or at least its con- 
tnbuiion to the total pressuie is equal to 
this piessure Thus, the oxygen in one liter 
of an (at one atmosphere) would exeit a 
pressuie of one fifth of an atmosphere, if tho 
oxygen alone occupied the whole litei , at con- 
stant temperatuie We may also point out 
that the volume wluch the oxygen would 
occupy, if it exerted one atmospheie of pres- 
sure, would be one fifth of a liter 

15. The Correction of the Volumes of Gases 
Measured in the Presence of Water Vapor 

The volumes of gases aie sometimes measured 
undei conditions that do not exclude, entiiely, 
all otliei substances Many gases, loi example, 
are collected ovei watei as shown m L’lguio 57 
Undei these conditions, the collecting vessel is 
filled with a mixtui e of the gas collected and watei 
vapor. At a definite tempeiatuie, water pio- 
duces a definite quantity of vapoi, the exact 
amount depending upon the extent ot the space 
above the hquul and upon the tempeiatuie At 
a given tempeiatuie this vapoi exeits a definite 
piGssiiie pel unit of aica on the suifacc At any 
otbei tempeiatuie, the picssuie exeited by the 
vapoi IS greater, it the tempeiatuie is higliei, and 
less, if the tempeiatuie i,s lower When the vol- 
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Flgu''* Colittctlon of a Sampio of Oxygen 

over Water 

The gaseous pressure inside the bottle Is mode up of 
the partial pressure of oxygen and the partial pressure of 
water vapor Together they are equal to the atmospheric 
pressure 

ume of the ga^, ^^lnch is imvd wiLli watci viipor, 
IS measured, a cciiecfcKiii must he made foi tlie 
jjiescnce of watci vaimi 'The solutue that tlie 
gas would occupy, if it weio diy, is loss than 
that which it occupu's at tlie same piossme when 
water vajim is jii esi'iit 

Let us eoiisidei an expi'iimcnt in wliieli 200 ml 
of oxygen is collected o \ ei watei at a tcnipciatuie 
of20°C and a picssiiic of 770 niiii The (iiessuie 
of 770 iniri is the total piessuie of waUn laiioi 
and oxygen 'I’o Iiiid the iiaituil piessuie evntcd 
by oxygon, the piessuie ol the watei vapoi 
must be suliti acted lioui tlie total piessure 
The pressuies of watei NajKir at dil’fi'Koil tem- 
peratures have lieeii deteiiniiied by exiiei uncut 
and arc given iii Table 1 of the Appendix We 
find that the paitial piessuie of water vapoi at 
20° C IS 17 7) mill Ileiice, the paitial |)iessuic 
of oxygen (Figuie 7)7) is 770 — 17 7) = 77)2 7) nun 

The piessuie of 77)2 5 mm is tlie piessuie that 
would be excited upon the walls of the eontaiiici 
by the dny oxygen if its xolumc weie 200 ml 
The volume {i><) that the diy oxygen would oc- 
cupy if it excited a piessuie ol 770 iiiiii. can he 
calculated by using Hoyle’s Law as follows. 

77)2 .') X 2(10 = 770 X V. 

)ij “ 1 07) 7) Jill 

If wc wish (o deteiiiime the volume (c,) ol diy 
oxygen iindei sl.nndaid coiiditioiiH, we eould '•el 
up and solve foi the value ol in eitliei of the 
following eiiuatioiis 

200 X 77)2 7) X 270 , 

700 X 293 

105 7) X 770 X 273 , 

ml 


16. Diffusion of Gases, Graham's Law 

A gas that is liberated in one part of a 
closed vessel distributes itself — diffuses — 
tliioiighout the eiitiio space, although one oi 
more othei kinds ol gas may be alieady pres- 
ent The vessel seems never to be filled by 
gases, tluiic is always loom for one more, 
and all the gases iilaced in tlie vessel aio, 
eventually, iiiiiforiiily mixed Gases aheady 
present do not pH'vent llie diiliision of a gas 
that may be added, but collisions between 
molecules do reiaid dilfusion to some ex- 
tent Fuithermoie, dillusion ooeurs legaid- 
less of diffciences in the densities of the 
gases m the mixtuie, the hcavioi gases 
dilfiise more slowly than the hghtci ones, 
bill thcie IS iievei a complete sepauition 
into layeis wdh the heaviest gas at the 
bottom and llio lightest at the top of the 
conlainci 

The (hffusKiii of gases eim be dcnionstiateil by 
|)lacuig a liofivy coloied gas, such as hioiniue 
vapoi, 111 the bottom ol a cylmdei filled with an 
and closed with a glass pliiLo Aftei a tiiiK', the 
iiiowu hionime vaiim will be seen to have dis- 
tiibulod itself ovci tlie eiitiie v ohmic ol tlie 
cyluidei, although Inomine is mme than five 
times as dense as an The piesciice ol an m the 
(ontanioi docs wUml the expansion ol the hio- 
ninie va[)oi The lelauling cflcct of an can be 
obseivcd by hi caking twfi bottles contamiug 
li(|Uid Inomme m two cyhndeis, one filled with an 
and the othei evacuated In tlie latter, bioimiie 
\a])oi fills the eyliudei immediately. 

Giaham, in 1832, measiiiod the rates of 
dillusion ol diffcieiit gases and fiom the lo- 
siilUs ol lus study loinndated the huv lliat 
beais his name The lalcn of <li(] ii.sion of f/a,se,s 
air invrixrly jii opoiliomil lo Ihr oijuaic uioIk of 
IhcLi (Irnsituin Tlie density ol a gas lelers 
to fhe iveight ui one hl,cr ol the gas measiii ('d, 
unless otherwise specified, uiidci staiidaid 
conditions The weight ol any volunu' can of 
couise be used, il the volume is the same lor 
all gases tor which rates ol dillusion aio to be 
compaied 


( 1 ) = 
(2) V, = 


71)0 X 293 


Diffeienecs in the lates ol dillusion of hyrhogen. 
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THE GAS LAWS AND THE 

whioli IS the lightest of all gaseh, and the oxygen 
and the mtiogeii in the air can be deiiionstiated 
by the ex )eiiineiit shown m Figuie 58 A poious 
cylindei (C) is filled with an and connected, by 
means of a glass tube, with a vessel paitially 
filled with water A vessel containing hydi ogen is 
loweied ovei this cyhndei Hydiogen diffuses 
tlirough the porous walls of the cylindei more 
rapidly than oxygon and nitrogen diffuse outwaid, 
witli the result that the pressm e increases inside 
the cylinder and the vessel with which it is coii' 
neeted Because of the increase iii piessure, 
water is foiced thiough the outlet tube (A) 



Figure 58 Apparatus Used to Show the DllTerent 
Rates of Diffusion of Hydrogen and Air 

The aieiage density (weight pei litcil of an 
IS 1 293 and that of liytli ogen is 0 08987, at 0“ C 
and 760 mm Accoiding to Grahamhs law, theie- 
fore, the lates of diffusion of hydiogen and air 
aie 1 elated as follows 

lia/Kr = / Vo 08987 = 38 

This means that hydiogen diffuses apjiroximately 
four times as i apidly as air 


KiNETlC MOLECULAR THEORY 

THE KINETIC THEORY 

17 Introduction 

In the preceding pages of this chapter we 
have become acquainted with many of the 
general propeities of gases 

(1) All gases are easily compressed as com 
paied to liquids and solids 

(2) They diffuse i apidly tliioughout the entire 
space of then containers 

(3) One gas can diffuse thiough space occupied 
by another 

(4) Mixtuies of gases do not settle out into 
layetb 

(5) In a mixture each gas exerts the same pres- 
suie as it would li it occupied, alone, the entire 
volume, and theietoie one gas m the mixtuie does 
not mterfeie with the hehavioi ol otheis 

((i) The volume of a gas vanes invcisely with 
the pleasure that the gas exeits and dnoctly with 
the Absolute tempeiatuie 

(7) The effect of changes in piessuie and tem- 
peiatuie upon volume is the same, in geneial, 
foi all gases 

(8) The rate oi diffusion depends upon tlic 
density of the gas 

(9) The densities ot gases are small as compared 
to densities of liquids and solids 

(10) A gas exeits piessure in all diiections upon 
the walls ot the vessel that contains it 

Most impoi taut of all, wc have seen that these 
aic general pioperties of all gases and of mixtuies 
of gases Tlieic can be no doubt, theiefore, that 
all gases have the same kind ot structure 

1 8 The Kinetic Theory 

With the information that we have before 
us concerning the behavioi of gases, we aie 
now leady to seek an exphinaliun of then 
stiucture that will account foi their lie- 
havioi This explanation must answei many 
qiicntions How does a gas cxoit inessiiie m 
an upward diicction'i' Why do gases in a 
mixtuie not inteilere undei oidinaiy condi- 
tions with one another 2 Why aie gases so 
much more easily compiessed than liquids 
and solids? How can one gas diffuse into the 
space thal anothei occupies^ Why do mix- 
tines ot gases not settle out into layers? 
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HOW THE KINETIC THEORY 

As these and minilni' (luestions weio sluchcd 
over a long peiiod ol time, there gradually 
emerged a thcoiy that provided satistying 
answem to all ol them The pnrieipal paits 
of this theory -The Kinetie Theory of 
Gases - are suininarized lielow 

(1) Gases aie entupesed of pai tides, winch we 
now call mol(H!ul('s As comiiaied with their 
own (hinonsioiis, these molecules aioseiiaiated hy 
gicat (hstaiiccs Iletweini them, tlicic is only 
empty space 

(2) The molecules aie m motion and their 
velocities depend upon the tempeiatiiie They 
collide with one iwiothei and stiike the walls of 
the containing vessel 'Flic pi assure that a gas 
exerts upon the walls of its coiitamei is the lesiilt 
of the bomliaidment ol the walls hy tlie mole- 
cules 

(3) The molecules aic peifectly elastic — they 
oollido witli one luiothei and with the walls of 
then oontaiiiei without loss of eiieigy. 

(4) The molecules luue \('iy little attiaction 
for one anotliei 'Flieii \elocities aic sufhcieiitly 
gloat to cause them to sc.attei instead of coalo'-o- 
mg to foim laigei pai tieles, oi a niori' oi less com- 
pact mass, as they piohaldy do m iKiuids and 
solids, m which the molecules aie elosei togethoi, 
move mine slowly, and theieloie e\eit sliouger 
attiaction foi one another 

(5) The avciage kinetic eiicigy of all the dilfei- 
ent kinds ol fgas) molecules at the same temiieia- 
tuieis the same, legaidless of dilfeieiices iii mass 
Since the kinetic ciungy of a molecule is defined 
by the eiiuation 

K E = I 

the light molecules of liydingeii, for example, 
must tiavel faster than the liea\iei molecules of 
oxygen The foiiuei must make up what they 
lack m mass by iiieieased veloi ity Aecoiding to 
this point of view, a mixtuie consisting of a billion 
pai tides each ol hydiogeri and oxygen couliiied m 
the same volume would exeit a picssuie twice ns 
gieat as the picssuie exei tod liy a billion jiai tieles 
of eitliei gas alone 11 the avciage kinetic ener- 
gies of liydiogeii and oxygen molecules weie 
not the same, the mixtuie would not exeit a 
pressure equal to twice that of either individual 
gas, 


EXPLAINS THE GAS LAWS 

HOW THE KINETIC THEORY EXPLAINS 
THE GAS LAWS 

19 Boyle's Law 

The fact that all gases aie exticmoly com- 
piessiblc can best be explained by the as- 
sumption that gases aie composed of mole- 
cules that are relatively fai apait and are 
scpaiatcd by empty space Added pressure 
crowds the moloculo.s closer togotlici, thereby 
dccieasing the volume by “crowding out” 
some of the .space between the molecules 
The kinetic theoiy assume,? that the mole- 
cules of a gas actually occupy only a very 
small paib ol the volume occupied by the 
gas as a whole iindci oidmaiy piessurc con- 
ditioas As long as the volume actually oc- 
cupied liy the inolpculcs Ihemsclvos is not 
eomprcRsecl, all gases should lospond in the 
.same marinci to changes in picssuie This 
does not mean that individual molecules of 
two dilfeient gases aie of the same size and 
would occupy the same s])acc if wc could 
considoi them as .single iiarticles It means 
that tlic space occiiined by ibe molecules 
of any gas is always about tlio same fiae- 
tion of the cntiu' volume, rcgaidlcss of the 
chauu'ler of the gas dTiis condition is possi- 
ble, ol course, liccaiisc the fiactiou is very 
small 

The piessuie of a gas is explained by the 
assumption tliat the molecules aie in lapid 
motion Hence, the picssiuo against the 
walls ol l.he contaiiior ih caused by the bom- 
bardment of tlie walls by molecules and is 
directly piopoitional to the numbet of mole- 
cules confiiietl within a given volume Let 
us consider a defiiiilc weight ol a gas that 
occu])ics two liteis at a tenipoiatuic that is 
not changed II the same number el mole- 
cules IS ciowdcd into one liLci, Boyle’s law 
predicts that the ines.suic will lie twice as 
gicat as when the volume i.s two liters The 
kinetic theory explains the inciease in pres- 
suie as follows Wlien the molecules are 
crowded into one hall tlie volume that they 
first occupied, theie aie twice as many im- 
pacts upon the same aiea of wall suiface as 
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Figure 59 An Explanation of Boyle’s Low 

The same number of molecules will exert twice as much 
pressure per unit of surface when they are crowded into 
one half of the original volume 

before The mci eased number of impacts 
results m twice as much piessure 

20 Charles’s Law 

According to the kinetic theory, the pres- 
sure of a gas upon the walls of its container 
depends upon the bombaidment of the walls 
by the molecules and is determined (1) by 
the number of molecules m a definite vol- 
ume, (2) by the mass of one molecule, and 
(3) by the aveiage velocity with which the 
molecules move These conditions deter- 
mine the numbei of impacts between walls 
and molecules that will occur in a certain 
period of time and also the pressure that will 
result from the impacts, since the piessure 
produced is proportional to the momentum, 
which foi one molecule is equal to its mass 
times its velocity 

How can we explain the inciease in pres- 
sure as the tempeiatuie is lai.sed'i’ The 
answei is fairly simple The rise m tem- 
peratuie cannot affect either the number of 
molecules or then masses, it must, theietore, 
increase the velocities of the molecules It 
the molecules move moie lapidly at the 
highei tempeiatuie, not only will moie of 
them stnke a definite aiea ol siuface, but 
each molecule will possess gieatci momen- 
tum, and each impact will lesult in gieater 
piessure A bullet shot liom a gun will pro- 
duce moie effect when it stukes a steel plate 
than one of ecpial mass that is thiown, with 
smallei velocity, by the hand Thus we 


should naturally expect direct relation be- 
tween changes m temperature and changes 
in the piessuie of a gas at constant volume; 
or if the volume changes and the pressure re- 
mains constant, a similar direct relation 
should be expected between the volume and 
the temperature 

21. Dalton's Law 

The behavior of gases in mixtures indi- 
cates that each gas acts independently of the 
others, each gas exerts the same piessure as 
it would if it weie present alone in the con- 
tamei The kinetic theory explains this 
fact If each gas is composed of pai tides 
that aie widely separated, with empty space 
between and aioimd them, the particles ol 
one gas m a mixtuie may easily find plenty 
of fiee space that is not occupied by particles 
of othei gases Each kind of molecule 
strikes the walls just as often, and theietorc 
exeits just as much piessure, as it would if 
other molecules were not piesent 

Undei high pressure, when molecules are 
crowded closely togethei, Dalton’s law does 
not hold We should not expect it to hold 
under these conditions, because a molecule 
in a crowded space cannot move as freely 
as it can in a fiec and uncrowded space 
When molecules are crowded, they do inter- 
feie with one anothei, and the number of 
each kind ot molecule that can strike the 
walls in a given period of time is i educed 
The situation is much the same as that of a 
peison who tries to reach his destination in a 
crowded street as compared with another 
who coveis the same distance when the 
street is deseifced 

22 Other Causes of Deviations from Dalton's 
Law 

It the molecules of cliff eient gases in a mixture 
react to form new molecules, there may be, and 
frequently is, a change m the total number ot 
molecules When this happens, the pressure is 
equal to the sum of the partial pressures of all 
the paits of the mixture — the original gases that 
lemam unchanged and the new substances formed 
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by the reaction Accordingly, we should not 
expect the total pressure of the mixtuie, at con- 
stant temperatuie and volume, to bo equal to the 
sum of the partial pressures of the gases that weie 
mixed Even if the gases of the inixtuie do not 
react, their molecules may have stiongoi attiac- 
tion for one aiiothei than they have foi moleeules 
of their own kind This at ti action should alTcct 
the velocities of the molecules, and theiefore it 
should also affect tlic iiiessuies that they can 
produce When any of these conditions pievail, 
Dalton’s law cannot he applied accurately to mix- 
tuies of gases 

23. Diffusion 

We eannot explain the expansion and dif- 
fusion of giuses without using eertain parks of 
the kinetic theoiy It might be said, of 
course, as it was said at one l.ime, that a gas 
expands from a region of high pu'ssure into 
one of low pimsuio, because “nature abhora 
a vacuum,” but a statement of this kind ex- 
plains nothing It IS not a good tlieory or 
even a good guess, because it olfem no biusis 
for understanding the diffusion of gases into 
space already occupied by otiier gases and 
wheie, therefore, a vacuum does not exist 
Nor does this “answer” to the pioblom 
explain why nature should try to fill a 
vacuum with gas oi the conditions under 
which a vacuum can be said to be filled 

If gases are composed of molecules in 
rapid motion and separated by relatively 
great distance.s, as the kinetic theory as- 
sumes, then the space occupied by one gas 
can be penetrated by the molecules of aii- 
othei. The theoiy also explains why gases 



Figure 60 An Explanation of How One Gas can 
Diffuse into the Space Occupied by Another 


of .small density diffuse more rapidly than 
heavier ones One of the principal stato- 
ineiiis in the theoiy assumes that the mole- 
cules of diffeient gases, icgaidless of their 
niasses, possess the same average kinetic 
cncigy at the same temperature Since the 
kinetic energy of a molecule is defined as 
niv‘, and if the kinetic eneigy for all mole- 
cules is the same, then those molecules that 
have the laigci masses must have the smaller 
velocities Tire lates ot dillnsion must de- 
pend upon the velocities ot the molecules, if 
they did not move at all, there could be no 
dilfiLsion Hence, it follows that the rate ot 
dilfnsion of a gas is slowei, the greatei the 
mass of its molecules, or the gieafcer the 
density of the gas 


24 Derivation of the Equation for Graham's 
Law 

The luathcmatical btatemont of Giabam’s law 
(liagc 95) can be deiiveil by applying the piin- 
ciple in the kinetic theoiy whioh states that the 
avoiagc kinetic onoigics of the molecules of two 
gases aio tlio same at the same tcmpeiatuio 
Consiflci two gases, the molecules of which have 
maasRS of mi am] wij anil velocities ol ii, and v^, 
icspcctivoly Then 

2 niiPi^ = 2 

Dividing both sides ot this equation by ^ 
we obtain 


1^ 


Vh I'l 

— 01 — 
Vh IS 


'/mj 


Vwi 


Tins equation now shows that flip ^ elneilios ol the 
two iiioloculeH (laUis of ildfiisioii depend diiectly 
upon the velocities) aie mveisely piopoiLional to 
the squaie loofcs of thou masses The masses of 
the molecules aie m the same lalm as the giani- 
moleculai weights (page 4<l) of the gases, and the 
giarti-moleculai weights aie the weights of eipial 
volumes (22 4 hteis) of the two gase.s under stand- 
aid conditions (page 91) Density is defined as 
the weight pei unit of volume {d = m/o) lienee, 

l 

111 _ 

Vdi 
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25 Gases Do Not Settle 
The molecules of diffeient gases do not 
settle out in layers from a mixture, they 
remain mo:e or less permanently mixed 
If a gas of small density is mixed with one 
of lelatively great density, some slight sepa- 
ration naturally results, because of the slower 
velocity of the heavier molecules , to observe 
such changes, however, a veiy long veitical 
column of the mixture must be examined 
Thus, the percentage of carbon dioxide in the 
ail near the surface of the eaith is small 
(0 035 pel cent), and at higher levels of the 
atmosphere the peioentage is even less, and 
finally becomes zero This condition is the 
result, in part, of the density of carbon 
dioxide (1 95) as compaied vvith that of the 
other components of the air, the aveiage 
density of which (weight pei liter at 0° and 
760 mm ) is 1 293 The peicentage of hydro- 
gen (density 0 08987) inci eases with the 
altitude Theie aie no levels, howevei, at 
which the different components of the an 
settle out in layeis; the change in composi- 
tion vanes gradually with the elevation. 
This vanation m composition is, in itself, 
good evidence that aii is a mixtuie of several 
kinds of particles The failure to separate 
into layci-s is explained satisfactorily if each 
gas IS composed of molecules that aie moving 
in all directions and theieloie tend to remam 
scattered, 

A gas does not settle to tlie bottom of its 
container The moving molecules, theie- 
fore, must suffer no loss of (average) energy 
when they collide with one anothei oi stake 
the walls of their container As a lesult of a 
single collision, one molecule may lose 
energy, and another may gain energy, but 
over a long peiiod of time the aveiage energy 
of each molecule remains imclianged at con- 
stant temperatuie, m some collisions a mole- 
cule gams eneigy, and in some it loses The 
kinetic theoiy includes, theiefoie, the piin- 
eiple that molecules of gases, m collisions, arc 
peifectly elastic If they suffeied a loss of 
eneigy (weie inelastic) when they collided. 


they would lose velocity, and eventually they 
would cease to move at all, except to settle 
out under the influence of gravitation 

26 Deviations from the Gas Laws 
All gases can be liquefied by cooling and 
by the application of pressure Near the 
temperature and pressure at which a gas 
condenses to form a liquid, we should expect 
the gas laws to apply less generally and ac- 
curately than at lugber temperatures In 
other words, we should expect that a gas 
at a tempeiatuie and pressure only slightly 
different from the conditions undei which it 
changes to a liquid would display properties 
somewhat like those of a liquid. The essen- 
tial diffeiences in the properties of the liquid 
and gaseous states appeal to arise from dif- 
ferences in the distances that separate the 
molecules and from differences in the at- 
traction that molecules exeit upon one an- 
othei There is also a difference in energy 
content, since energy is leleased oi ab- 
soibed when one state is changed into an- 
other Molecules of liquids are more closely 
and firmly held together by the forces of at- 
traction that pioduco cohesion; molecules 
of gases cohere only slightly because of the 
relatively great distances between them 
As the conditions of a gas aie altered so that 
they approach more nearly the conditions 
under which the gas becomes a liquid, the 
laws that apply to the gaseous state are less 
and less valid Finally, when the gas is 
liquefied, they aie no longer valid in any 
sense 

We must recognize, however, that even m 
gases theie is some attraction of molecules 
for one another and that this atti action le- 
sults, to a slight extent, in cohesion When 
the temperature is relatively high, and when 
the molecules are not crowded closely to- 
gether by lelatively great pressures, the 
forces that produce cohesion aie not great, 
although they do exist It is well known, foi 
example, that Boyle’s law does not hold ex- 
actly Upon fiibt thought, one might regard 
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thiR faihu'e as a cauRo for .seramK doubt of 
the validity of tlu' kiii('t.u‘ thooiy, but second 
thought will hliow that the failuie in pix'- 
dicted by the theoiy itself If two liters of 
oxygen (one aimo.sphcic) me coiuptcsscd by 
doubling the iu’cshuic, the now volume in 

0 999 liter, iii.stciid of one htci, the voliuno 
that Boyle’s hiw would hsid one to exiioct 
The iiiciciise in the ('\teiiial ju'es.suie, caiiucd 
by eluuigcR liom withouti, comiUY'SKeK the 
gas to one liter, Init it aiipeais that thcie is 
an additional inossuri' of some kind that 
causes a fuithei reduction of the volume 
amounting to 0 001 of a htci, oi ono milli- 
liter This additional prc'ssuie is the effect 

01 the mcicascd alliaction of the molecules 
foi one aiiol.hci when they aie crowded 
closoi together 'riiis atti action lias the 
same eltect as an increase' in tlu' external 
pressure; it tends In diaw the molecules still 
more closely togc'tlu'i and causes a slightly 
greater decioase in volume than coi responds 
to the irici ease in pi essui e At low tempeia- 
tuies, iiioh'cules move mori' slowly and offer 
less lesistance (,o cohesion and thcrefoie, the 
coiniiressioii caused by moleculiu attiiiction 
becomes inoie pioiiouiiccd Foi the same 
reasons, the lowei llu- l-emix'iatme, the inoio 
easily a gas is Iniuchcd 

The molecular attiaclinu is also much gicatci 
for some gases than foi othois, it is gicatcst m 
those gases which am most easily hqm'ficd As 
a matter of fact, condensalioii of the gas to a 
liquid occiiis at the tciiipeiatuK' at which the 
kmotic erioigy of the molecules tjoeomes irisufli- 
eiont to coiiiitciact the atti action that caiisos 
thoui to he diawu togctlici and that pioduccs tlic 
cohesion chaiacteiistic of the liquid state ol the 
substance at that, li'inpci atuie 'I'lic attiaction 
between the inolcculi's of some gases is sLionger 
than the attiaction between the nioleiuli's of 
othei gases [fence the leduction in the kinetic 
oneigy of some kinds of molecules must he gi cuter 
dian foi othcis hetoie the cohesion of the liquid 
state can lesult 

Let us considci another deviation from 
Boyle’s law When gases already highly 
compiessed aie subjected to further inci eases 


in picssuic, their volumes are not diminished 
as much as Boyle’s law would lead one to 
predict The eompiossion of gases unclei 
oichnaiy conditions reduces the volume by 
crowding the molecules closei togethei ; the 
1 eduction 111 volume is leally a reduction m 
the amount ot empty space When the 
pressure is veiy high, the nioleoulos aio al- 
ready crowded so closely together that the 
volume which they actually occupy is a large 
pait of the whole volume of the gas Since 
the volumes of the molecules themselves 
aic not compiessed, only a slight fraction 
of the whole volume can be affected by an 
increase in jiressiiic m the manner piedieted 
by Boyle’s law, the whole volume is not 
inversely propoif.ional to the pressuio The 
deviation fiom the law, fiom this cause, 
may be consitleuible iindei pressures of two 
hundred atmos])hcrcs or moie Thus, one 
liter of hydiogen at loom tcmiieiatiire and 
one atiiiosphoK! Ixieomcs, not 0 005, but 
0 00555 litei when the lumsuio is meieased 
to two hundred atinosjiheies at the same 
tempciatme 

Boi satisfactory inteiprctations of these 
deviations fiom the gas laws the fundamen- 
tal assumiitioiis of the kinetic theoij are 
just as necessary as they aie for the mtei- 
pictation ol the laws themselves Strictly 
speaking, the laws apply only to gases whose 
molecules have no attiaction ioi one another, 
which theieloie do not cohere, and which 
occupy no part ol the whole volume Since 
theie aic no gases of this kind, wc can speak 
of them only as TcZcal oi ■paifa.t gases Undei 
the oidinaiy conditions of measuring the 
temiieratuio, prcssuie, and volume of a gas, 
the deviations aie so slight l.hat the laws 
may he apjilu'd without conoi'tions These 
corrections can he made if the eirors are 
sufhcienily gieat f,o demand considoiation 

27 The Liquefaction of Gases 

All gases can be liquefied under the proper 
conditions of tempciatuic and pressuic 
For a given pressure — let us say that this 
IS one atmospliei e — there is a definite tern- 
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peraturc at which the liquid boils At the 
same teinpeiatme, pressuie lemainmg con- 
stant, the gaseous state of the substance 
may be condensed to foiin the liquid The 
liquid boils at a lower temperature if the 
pics&ure IS leduced. Thus, water boils at 
100° C when the piessuie is one atmosphere, 
and at about 05° when the pressure is le- 
dueed to 200 mm Raising the tempeiature 
and 1 educing the pressure theicfoie aid in the 
production of the gaseous state On the 
other hand, cooling and increase of piessure 
aid in the liquefaction of a gas 
If ive are to convert a gas into a liquid, 
we must increase the attraction of the mole- 
cules for one another, and we must slow 
them down so that they will no longer have 
sufficient energy to overcome the foices that 
bind them together The firet of these con- 
ditions IS accomplished by crowding the 
molecules togethei ~ by increasing the plea- 
sure The second is accomplished by cool- 
ing, since the velocities of the molecules de- 
crease as the temperature falls 
Sometimes, cooling without an increase of 
piessure lesults m the liquefaction of the 
gas This IS tiue, foi example, of the con- 
densation of water vapor If the boiling 
point of the liquid is very low, the gas must 
be cooled to an extremely low tempeiature 
(—183° m the ease of oxygen and —252 7° 
m the case of hydrogen) before it can be 
liquefied without changing the pressuie Foi 
such gases it is much moie practical to aid 
liquefaction by using increased pressure. 
Thus, oxygen can be liquefied at —118°, if a 
pressuie of about 50 atmospheies is applied 
Caibon dioxide can be liquefied at 0°, when 
a pressuie of 38 atmospheies is applied, at 
30°, 71 atmospheies must be used; and above 
31 1°, it cannot be liquefied, regardless of 
the pressure that is applied 

28 Crifical Temperature 
The temperatuie above which a gas can- 
not be liquefied by any pressure is called the 
evdued Icnipet dluve of that gas Above this 
tempei atm e, the substance can exist only in 


the gaseous state The pressuie required to 
liquefy a gas at the critical temperature is the 
crihcal p> essure. Thus, the critical pressure 
of carbon dioxide is 71 atmospheres. 

TABLE 4 

CRITICAL temperatures OF GASES 

Critical 


Gas 

Boiling Point, °C 
(1 atmosphere) 

Temperature 

°C. 

Hydrogen 

- 252 7 

- 239.9 

Nitrogen 

- 19A 

- 147.1 

Oxygen 

- 183 

- 118 8 

Carbon dioxide 

Sublimes 

31.1 

Ammonia 

- 33 3 

132.4 

Sulfur dioxide 

- 10 

157.2 

Water 

100 

374 


SUMMARY 

Interpretations in terms of 
the kinetic theory 
Molecules are separated by 
empty space When gases 
aie compressed, the mole- 
cules aie crowded closet to- 
gether The amount of 
empty space between the 
molecules is reduced 

The piessure of a gas is 
caused by the bombaul- 
ment of the walls by the 
molecules The piessuie 
which the gas exeit.s de- 
pends upon the number of 
molecules which stake a 
definite amount of surface 
at a given instant and upon 
the velocity and mass of tlio 
molecules The avei age 
kinetic eneigy of all kinds of 
(gaseous) molecules is the 
same. Hence the heaviei 
molecules must have smaller 
velocities 

In dilute gases the mole- 
cules are far apait and co- 
here only slightly If the 
same number of molecules 
are crowded into one half 
the original volume, twice 
as many will strike a defi- 


Properties of 
gases 

Compiessibihty 


Pressure 


Boyle’s Law; 
Effect of 
Pressuie upon 
Volume 
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Cliailes's Law 
Effect of 
Teinpeiatui'e 
upon Volume 
or Pressuie 


Dalton’s Law of 
Partial Piossuies 


Diffusion 


Gases do not 
settle 

Deviations fiom 
gas laws 


nite .surface on tlie walls at a 
given instant. Hence the 
presHure exeited will be 
twice as great In moie 
cnncentiated states Boyle’s 
law linos not hold because a 
laigc part of the space is 
filled 1 ly the molecules thoin- 
hclvos 1’liei e is h'ss em|ity 
space to ho compressed. 

The molecules move moio 
iiipidly as the teiupeiatiiic 
iiici eases The incicase in 
velocity cau.ses a gas to exert 
a greatei pic.ssure at con- 
stant volume or to occupy a 
hugei volume if thcpiessuie 
lemams constant 

'Fho molecules of ga.sGs in a 
mixtuie, uiulei low pies- 
suies, me fai enough apait 
so that they do not mtcifeie 
with one anotliei Each 
gas thoietore excits the 
same pi'cssmo as it would 
exeit, in the same volume, 
if the other gases wcie not 
piesent 

Tlie molecules aic in lapid 
motion ami aie fai apait. 
Due to the poious chaiactci 
of a gns, it IS possible for one 
gas to diffuse into the space 
aheady occupied by an- 
othei The molecules ol one 
gas move tin ough the empty 
space between the mole- 
cules of the othci The ve- 
locities of the molecules aie 
iineisuly 1 ) 101)01 tioiml to 
the siiuaic loots ol their 
masses 

Molecules aic pei fcctly elas- 
tic 

Molecules of gases possess 
some atti action foi one an- 
other and at high piessme 
and low tempeiatuies aie 
separated by less empty 
space than under ordinary 


conditions A gas alieady 
undei high piessure does 
not obey Boyle’s law, be- 
cause most of the empty 
space has already been 
ciowdeil out, and added 
picssiiie no longer moans 
that the molecules are sim- 
ply crowded closei together 

All gases can bo In a gas the molecules arc 
liquefied separated because they are 

moving In a hquitl they 
aie close togethei and 
stiongly attiact one an- 
othei Cooling .slows down 
the molecules Piessure 
ciowcls them closer togethei 
Hence cooling and inci eased 
piessuie aid m litiuefying a 
gas, because they both tend 
to pioduce the molcculai 
state of the liquid 

Review Exercises 

1 The volume of a sample of gas at 20° C is 
280 ml Wliat will be it.s I’ohimo if the tem- 
pciatme is reduced to - 250° C ? 

2 A sample of gas measuied at 22° C and 740 
mm occupies 200 ml , and weighs 0.21 g 
What IS the weight ol a htei of the same gas 
measuied uudei staiidaid conditions? 

3 A mixtuic ol two gases, A and B, exerts a 
piessuie of 700 mm and occupies 500 ml 
If the piessuie of gas A alone is 200 mm, 
undei the same conditions of tempeiatui e and 
volume, what fraction of the whole volume 
would each gas in the mixtuie occupy, alone, 
at a pie,ssuro of 700 mm ? 

4 One htei of a gas measuied at 0° C weighs 
2.42 g What will one htei of the same gas 
weigh il measuied at 273° C , the piessure 
romamiug unchanged? 

6 Tiic volume of a sample of oxygen, mcnsuied 
over watoi at 30° C and 738 mm , is 408 ml 
What would be the volume of the sample if it 
weie (by and weic measured under standard 
comhtions'i’ 

6 Ten liteis of an at 0° C aie bi ought into a 
room wheie the temperatuio is raised to 
25° C What pressuie would have to be ex- 
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erted on the an to prevent a change in volume 
if the oiigmal pressure was 760 mm ? 

7 Sulfm dioxide is approximately 32 times and 
caibon dioxide is approximately 22 times as 
heavy as hydiogen, liter foi htei Compaie 
the rates of diffusion of sulfur dioxide and 
carbon dioxide 

8 In terms of the kinetic theory explain the 
following featuies of the behaxuoi of gases 
( 1 ) diffusion, ( 2 ) compiessibility, ( 3 ) effect 
of temperature upon piessuie at constant 
volume and upon volume at constant pres- 
sure 

9 How do cooling and increase of pressure aid 
in the liquefaction of gases? 

10 Enumerate the differences in behaxuor of 
gases and liqiuds How aie these differences 
explain cd'* 

11 What evidence indicates that the average 
kinetic energies of all kinds of molecules m 
the gaseous state aie the same at the same 
temperature’ 

12 What evidence indicates that the molecules 
of a gas are peifectly ela'-'tic’ 

13. Descube the properties and physical condi- 
tions of a "pel feet” gas 

14 Why do gases not obey Boyle’s law exactly 
( 1 ) under ordinary pressures and ( 2 ) under 
very high pressures’ 

15 What aie some ot the indications that mole- 
cules of a gas are ( 1 ) mm mg, ( 2 ) far apait, 
and (3) hare relatively slight attraction for 
one another? 

16 What conditions of atmospheric pressure 
prevail m a region indicated on a weather 
map as a cyclone’ What is the general duec- 
tion of movement of cyclones in the L iiited 
States? What kind of weathei usually ac- 
compames a cyclone’ What i'. the dilfeience 
between a cyclone and a luiiiicane oi tor- 
nado’ (Consult some i efe’ ence on meteoiol- 
ogy, or an oncyclo'-edia ) 

17 What conditions cause the atmospheric pies- 


sure to vary fiom day to day at one place on 
the eaith’s surface? 

18 What would be the effect of subjecting am- 
monia at 140° C to gradually increasing 
pressure’ Compaie with the effect at 50° C 

19 A and B are directly propoitional, C and D 
aie inversely proportional Explain these 
two statements 

20. Descube the measurements and calculations 
that would be necessary in order to compaie 
the weights of equal volumes of two gases 

21 The density of a gas is 1 5 What fuither 
information must be given, oi understood, 
about this statement befoio it can be le- 
garded as having much meaning oi value? 

22 The piessuie of a inixtiiie of gases H and B 
is 400 mm , when the volume is 400 ml If 
the paitial piessuie of A is 100 mm , what 
volume would the quantity of A tliat is 
present in the mixtiue occupy if its pressure 
were 400 ram and B weie not present? 
If its pie,ssuie, when alone, weie 100 mm ’ 

23. If all of the air m a loom 15 by 0 by 20 feet 
and at a piessuie of 7G0 mm weie com- 
piessed until the volume became 1 cu ft , 
what piessuie would it exeit, tempeiature 
remaining constant? 
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By placing a saucer of white porcelain in a jet of 
injlamniable gas burning tranquilly at an orifice, I 
found Hut the pm t of the saucci which the fame licked 
was moistened by small drops of liquid as clear as 
water, and which, in fact, appeared to he nothing 
hut pure water 

MACQTJEE (1776) 


1. IntroducHon 

This tiluipU'i' (Icalh \vi(,li (,hc history, oc- 
cunciicos, mc'thodh oi prcpaiatioii, piopci- 
ties, and uses ot hydioRC'u In addition, it 
mti'oduees two oilu'v l.opics oC considerable 
impoitanc'O' (1) the dillerencc's in activity 
of the metals and the talih' in wliicli they 
are arraiiReil to show tlu'se dilleionecH, and 
(2) a levez’sililo roactuni 

2. History 

The discovc'iy of hydioRen is usually cied- 
ited to Henry Cavendish wlio, in 17()(i, pre- 
paicd it by tlie action of acids upon ccitain 
metals and by Llie aclioii ol steam upon non. 
The action Indweeii iiielals and acids liad 
been obsei ved many times by (be ahdiemists, 
but the gas piodiieed by tliese leaclions was 
thought to be a sjiecial kind ol air In fact, 
an was (be only gas known at (.hat tunc 
Pauicelsiis, loi (waiiqilt', some (,imc m (,lie 
early pint ol the sKlei'iith (enluiy, treated 
lion with sulliuie acid and observed tlici 
“air” that was evolvi-d He desenlx'd this 
“ail” as arising liom the mixl.iin* and 
“bursting forth like a wind ” In the eight- 
eenth centiiiy, hydiogmi was preiiaicd by 
the same methods and was identified with 
phlogiston, the subs(,anee (.hat was thought 
to escape liom substances dining combus- 
tion It was obscived that the “air” pre- 


pared by the action of sulfuric acid upon 
non and othci metals leacted with the calx 
(oi ash) lesulting from the combustion or 
coiioHion of the metals m an and cdinnged 
them into metals again We should descubo 
tins change today as a reaction in which the 
hydiogen reduces the oxides of the metals, 
i.e , hydrogen combines with (,hc oxygen of 
the oxide (calx) and leaves the free metal; 
but the eaiher interpretation of this action 
ol hydrogen inclined to the view that 
lililogiston re-entered the substances from 
which it escaped dining combustion 

Hydrogen was called “inflammable air,” 
a name suggested by Cavendish, who recog- 
nized the gas that he prepared as an inde- 
pendent sulistance, different in many re- 
•speeis fiom othoi kinds ol “au ” Piobably 
because of the picvailing opinion that, all 
gaseous materials must be dillcient varieties 
oi air, Cavendish did not lealize that lie had 
prepared an element Lavoisier showed that 
Cavendish’s “inflammable au” is a eon- 
s(.ituent of wa(,cM’ and that i(. is an clement 
He suggested the name hydrogen, which sig- 
nifies “watei foimcr,” loi the now element 

3 Occurrence 

Unlike oxygen, hydiogen is seldom found 
free in nature, at least not on the eaith oi in 
the atmosphere near the caitli The gases 
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escaping from volcanoes contain small 
amounts; and some hydrogen, 0 5 per cent 
or less, occurs in natural gas Only minute 
traces — one part, by volume, in 10,000 — 
are found m the atmospheie near the eaith’s 
surface The quantity increases with alti- 
tude, until at eighty miles above the eaith 
whatever atmosphere theie may be at that 
altitude IS probably composed very largely 
of hydrogen This element also appeal's in 
the sun and in many of the stars At the 
time of an eclipse, long streamers of flaming 
hydrogen can bo obseived around the sun, 
extending from the sun’s atmospheie one 
hundred thousand miles or moie into space 

In the combined state hydrogen is rela- 
tively abundant, although it accounts for 
only about one per cent of the weight of the 
earth’s crust The small percentage (by 
weight) ot hydiogen is explained by the veiy 
small mass of the hydrogen atom; piobably 
there are more atoms of hydrogen in the 
crust of the earth than of any other element 
■With the exception of oxygen Watei con- 
tains approximately one gram of hydrogen 
for every eight grams of oxygen, Hydiogen 
IS found in combination with carbon in 
natuial gas, in petioleum, and in products 
obtained from petroleum, such as gasoline, 
kerosene, and motor oils In addition to 
these occurrences, hydiogen is found in 
combination with carbon, oxygen, and a 
few other elements in substances produced 
by, or associated with, living things; cellulose 
(CsHioOs) and sucrose or sugar (C12H23O11) 
are examples ot such compounds It is 
present in all the tissues of our bodies and 
in all our foods In oiganic compounds, it is 
almost as important as carbon, and conse- 
quently IS found in almost all fats, oils, alco- 
hols, proteins, soaps, dyes, drugs, explosives, 
perfumes, and flavoi-s. Hydiogen is also 
piesent m acids and in hydi oxides (bases), 

THE PRODUCTION OF HYDROGEN 

The methods of pioducing free hydiogen, 
like those ot pioducing oxygen, can be 


classified as (1) laboratory methods and (2) 
industrial methods The foimer, m geneial, 
are simpler than the latter but employ ma- 
terials that are not economical industiial 
sources of the element We shall first con- 
sider laboratory methods that can be used 
to produce small samples of hydiogen for 
experimental use 

4. Production of Hydrogen by the Action of 
Acids and Metals 

All acids contain hydrogen, and fiom some 
of them hydrogen is liberated by the action of 
ceitain metals Typical leactions of this 
kmd aie shown by the following equations 

2 Na -h 2 (H+ + Cr) — 

2 (Na+ -1- C1-) -f H2 
Zn -h 2 (H+ -b CD — v 

(Zn+++ 2 C1-) -b Ha 
Mg -b (2 H+ + SOD — 

(Mg++ -b SOD + Ha 

The only actual leaction occuriing in 
these mixtuies is the leaction between the 
metal and the hydrogen 10ns 

Mg + 2H+— t-Mg-^-bllj. 



Figura 61 A Hydrogen Gonorator 
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The negative ions fiom the acids (Cr or 
gOD are not actually involved and can be 
omitted from the eciuation Zinc and hydro- 
chloric acid are the materials most often 
used 

Only certain acids can be used Some fail 
to react noticeably with the metals, while 
othem react to give products other than hy- 
drogen Nitric acid reacts witli many met- 
als, but instead of giving hydrogen, fonns 
water and one oi more ovidos ol nitrogen 
The metals that arc the most active in lib- 
erating hydiogeii fioin an acid, such as hy- 
drochloric, are also the most active in com- 
bining with oxygen to form oxides and with 
chlorine to form o, blondes The most active 
common metals are sodium, potassium, and 
calcium Magnesium m slightly less active 
than these Aluminum, zinc, and iron aic 



{Courtesy oj Ulhar U Thtmun Comimny) 

Figure 62 A Kipp Ganoralor 
A metal, usually zinc, is placed In the middle compart- 
ment Dilute hydrochloric acid is added through the 
thistle tube at the top 


still less active, but all of these metals cause 
a rapid evolution of hydrogen from such 
acids as hydrochloric or sulfuric Still other 
metals, such as nickel and tin, liberate hydio- 


gen very slowly The least active metals, 
such as gold, copper, mercury, silver, and 
platinum, do not displace hydrogen from 
acids 

In the displacement of hydrogen from an 
acid by a metal, the hydrogen ions of the 
acid lemove elec lions from the atoms of the 
metal and are converted into neutral atoms. 
The atoms of the metal, having lost one or 
more electrons, are converted into positively 
charged ions 

5. The Activity Series of the Metals 

The metals may be arranged in an activity 
series, in which the positions of the metals 
aie determined (1) by the rate at winch they 
cause the evolution of hydrogen from acids, 

(2) by the activity that they display in com- 
bining with oxygen and oLhei elements, oi 

(3) by then displacement of other metals 
from their compounds Hydrogen itself 
may be placed in this senes The metal 
above hydrogen will displace it from acids; 
those below hydiogen in the series will not 


Activity Series of Some of the 
C ioMMON Metals 


1 Potassium 

2 Sodium 

3 Caloium 

4 Magnesium 
6 Aluminum 

6 Zme 

7 lion 


8. Tin 

9 Lead 

10 Ilychogen 

11 Copper 

12 Mercuiy 

13 Silver 

14 Gold 


This list ol elements, when expanded to 
include oLlici metals and non-metals, is called 
the eleeb 0 ( hermcal seiies, and the use of cer- 
tain metals in electrochemical eclls and bat- 
tc'iies depends upon propcitics that also 
dcLeniiiiic the positions of the elements m tlie 
seiies Any metal m this list will displace a 
metal that lies below it lioin solutions con- 
taining ions of the lower metal, conveisely, 
any metal is displaced fiom solutions of its 
ions by a metal that lies above it in the 
seues Thus, non displaces coppei fiom a 
solution containing cupric chloiide. 
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(CU+++2C1-) + Fe—)- 

(Fe^-^ + 2Cl-) + Cu4■, 
or, Cu'*'*’ + Fe — >- 

Fe++ + Cu I 

In this reaction, the atom of non gives two 
electrons to the cupric ion, thus changing it 
to a neutral atom of copper By losing the 
electrons, the iron atom becomes an ion, 
Fe++ 

With the same metal some acids react to hbei- 
ate hydrogen moie rapidly than others These 
differences aie caused by the relative ease or 
difficulty with which hydrogen can be displaced 
fiom the molecules of different acids. In other 
words, they denote differences m tlie availability 
of the hydrogen of different acids for leactions 
with othei substances The availability of this 
hydiogen is, in a general sense, a measure of the 
strength of the acid Thus, acetic acid acts 
slowly with magnesium and must therefore be a 
relatively weak acid Hydiochloiio acid, on the 
othei hand, reacts much more readily and is 
theiefoie relatively strong Some acids do not 
hbeiate hydrogen when they react with any 
metals. Instead, other products are formed 
Thus, when zinc is placed in concentrated nitric 
acid (HNOj), the products of the reaction aie 
zinc nitrate, water, and an oxide of nitrogen, NO 2 . 
Instead of being liberated as the free element in 
this leaction, hydiogen is oxidized and appears 
among the products of the leaction as water. 
The oxygen lequired for this oxidation is provided 
by a pait ol the mtiic acid 

6. Production of Hydrogen by the Action of 
Metals and Water 

The metals at the top of the activity seues 
violently decompose cold watei When 
sodium, for example, is placed m water, 
sufficient heat may be generated to cause the 
ignition of the hydrogen which is liberated 

2 Na + 2 H 2 O — >- 2 (Na+ + OR-) + Hj 

In order to take advantage of the activity of 
sodium in libeiating hydiogen and at the 
same time slowing the leaction so that it can 
be controlled, an alloy of sodium with lead or 
mercury is sometimes used The effect of 
the inactive metal upon the activity of 


sodium resembles the diluting effect of 
nitiogen upon the activity of the oxygen in 
the air. Pure hydrogen is sometimes pie- 
pared m small quantities by the use of an 
alloy of sodium and lead 

Magnesium liberates hydrogen from water 
only if the water is hot; at least, with cold 
watei the speed of the leaction is scarcelv 
noticeable The reaction of magnesium with 
water occurs most leadily if a small amount 
of some magnesium salt is present in the 
water 

Mg + 2H20 — >-Mg(OH)2 4' + He 

If the magnesium is heated rather 
strongly and steam is passed over it, a vigor- 
ous leaction occurs with the libeiation of 
laige quantities of energy as heat and light 
Owing to the temperatiiie attained, the oxide 
of magnesium rathei than the hydroxide is 
formed 

Mg(0H)2— i-MgO + HsO 

7. The Reaction of Iron and Steam 

When steam is passed over iron that has 
been heated to redness, hydrogen is produced 
by the following reaction 

3 Fe + 4 H 2 O — > Fe 304 + 4 

The iron must be heated while the reaction 
IS going on, and if the souice of heat is 
withdrawn, the evolution of hydrogen appai- 
eiitly ceases If the non is not heated, it is 
soon cooled by the steam to about 100°, and 
at this tempeiature the pioduction of hydro- 
gen IS extiemely slow Since iron and steam 
are lelatively easy and cheap to obtain, 
this loaction is used as one source of the 
hydiogen required by industry 

8. A Reversible Reaction 

The reaction between non and steam may 
occur m eithei diieotion Acting in one dnection, 
the reaction produces hydrogen and magnetic non 
oxide, FesOi The reverse reaction may be made 
to occur by passing hydrogen over heated mag- 
netic oxide, this reaction converts hydrogen and 
the oxide of iron into water and iron. Since they 



THE PRODUCTION OF HYDROGEN 


109 


3Fe+4Hp5tFe304+4H2 



Steam 


Hydrogen 




1 1 

L Hydrogen 
— ► and 

r~ steam 


Iron Iron oxide 





1 

. Tt 

Iron oxide — ► Iron 

■■ rl 

L Hydrogen 



=j-j 

p steam 


FIgura 63 A Ravartlble Reaction 

The reaction Is shown (above) os it occurs in a closed tube, os It occurs in the presence of o constont flow of steam (middle), 

and o constant flow of hydrogen (bottom) 


may occui in oillKn ehic'ctioii — tlie pioducts 
may loact to ftnin tlm tnigiiial sulisUuce't — ic- 
acturas of iliis kind au' Haul to lio lovoi.sihle 

Undei tlic (oiulitioiiH that \vt> have dcHCiihed, 
howcvoi, only one of tlie two poHsilili' loaclumh 
ocouih Wlien '■li'am m passed o\ei non m an 
open till)!' {l''iguie 03), non can he eonveitcd 
ooinplotoly into tlie oxide, piovuled Midieient 
time w allowed 'I’liu leveiM' leaetion hetween 
oxide and livdio(j;en -iloes not have an oiHior- 
tunity (o oecui, lieeause tlu' liydioKen is sweiit 
out of the leaelion chainhei and away fioin the 
oxide, as laindly as it is produeeil, liy the eouhtant 
flow of steam thiontth the tube Undei this con- 
dition, the foiwai'd leaetioii may ho said to lie 
eonipleto When hydioiren is passed thioiiKh the 
tube and oxei the oxide, tlie u'veise leaetion is 
complete, and tlie loi waul leaetion does not have 
a cliaiice to oceiii , the ste.ani lesuUiiig fioiii the 
leaetion of hydiogeii with the oxide is swept out 
by the constant (low of lydiogen thioiigli the 
tube If non and steam aie placed in a closed tube 
and the mixtnie is lieated, neithei the stoani not 
the liydiogen has an opiioi tunity to escape 
Wlieii till' tiilie IS ojiened, all four substances will 
ho pipsent. We assimie, tlieiefoie, that both le- 
actimis ocelli alien none of Die snhstanees in- 
volved IS leinoieil oi is allowed (o escape 'riie 
two leactioiis leacli a stale of tiiialilnniiii, ni 
winch non inul sleam leacl and are eonsuiiied at 
the same late as they aie foinied by the lexeise 
leaction Kcinihlii nnn is attained only when 
none of the snhstanees involved in a leaction is 
lemoved liora the otheis. 

Foi some loactioiib, eciuililniiim is reached when 
only relatively small quantities of the products 
have been foimed, othcis do not attain equi- 


libnuin until most of the ni iginal substances have 
licen changed into the pioducts The conditions 
that deteunmo the extent to which a icaction 
oecuis befoie it attains cquilibiimn, the condi- 
tions that (iistuib eqiiilibnum and cause changes 
m the composition ol the mixtuie, and the con- 
ditions that influence the time reqimed foi reac- 
tions to icacli the equilibrium state, aie often of 
gieat significance 'I'licsc subjects are discussed 
111 Chaptci 2,S 

9 Procduction of Hydrogen by the Reaction of 
Certain Elements and the Hydroxides of 
Active Metals 

Hydioxidos contain the gioup of atoms, 
OH, from which hydrogen i,s displaced by 
ecitam elements This reaction may bo 
deinonstiatcd by warning a solution of 
sodium hydi oxide, NaOH, to which finely 
divided zinc has been added 

Zn -h 2 (Na+ -b OH-) — t- 

(2 Na'*' -I- Zn02”) + H 2 , 
or, Zn+2 Otr — 

Zn02~ T Hj 

In tins loaetion tlio zme atom reiiliieos two 
atoms ol hyiliogen The eomiiound re.siiK.- 
mg IK called Mtdmm zinrala, and iI,k loimiila 
IS usually wiittcn as NaaZn02 The zincale 
(ZiiOi“) gtoup of atoms is similar to the 
sulfate (SOD group in sulfuiic acid and in 
sullates, such as Kodium sulfate, NajSOi 
The reaction ol the non-metal, silicon, and 
sodium hydroxide is of a similai charactei 
To fiunish the hydiogen lequired toi the in- 
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flation of balloons used in military opera- 
tions, an alloy of iron and silicon, called 
ferrosihcon, is used witb a 20 per cent solu- 
lion of sodium hydroxide 

Si + HaO + 2 (Na+ + OH-) 

(2 Na+ + SiOr) + 2H2, 
or, Si + H2O + 2 OH- 

SiOa“ + 2 Ha 

The compound, NaaSiOa, is sodium sthcale 
or “water glass ” 

The sinulanty of the reactions of zinc and 
silicon, a non-metal, indicates that zmc, too, 
reacts as, a non-metal with sodium liydi oxide 
We have previously noted (page 25) that ceitain 
elements sometimes act as metals and sometimes 
as non-metals The fact that it appeals in the 
ion ZnOr m the same rob that non-metals occupy 
in similar 10ns, such as COT, NO3-, and 
CIO3-, IS an indication of the iion-metallic char- 
acter of zinc As a metal, zinc forms compounds 
such as ZnCb 

COMMERCIAL PRODUCTION 
10. Electrolysis 

Some hydrogen for commercial uses is 
obtained as a by-product of the electrolysis 
of an aqueous solution of .sodium chloride 
(salt) This pioces.s is used primarily to pro- 
duce chlorine and sodium hydroxide and 
will be discussed at greater length when these 
6ubstanc'e.s are consideied Hydiogen and 
oxygen are also pioduced by the electrolysis 
of an aqueous solution of sodium hydroxide 
(page 66) 

1 1 Explanation of the Electrolysis of a Solution 
of Sodium Hydroxide 

Let lib assume that the direct cuiient of elec- 
tricity used to electrolyze an aqueous solution of 
sodium hydroxide is .supplied by a stoiage batteiy, 
whose poles (01 terminals) aie connected to wnes 
01 strip, s of metal m contact with the solution 
(Figure 64) These wires or stnps of metal aie 
called the dec trades of the cel! The elect] ode 
connected to tlie negative polo of the batteiy is 
called the cathode, and the one attached to the 
Dositive pole is called the amdc As a lesult of 



Figure 64 Eleclrolyiii of an Aqueous Solution of 
Sodium Hydroxide 
C, cathode. A, onode 


chemical changes ocouiring in the batteiy, the 
numbei of elections on the negative pole of the 
batteiy, and hence on the cathode of the electio- 
lytie cell, ib inci eased At the same time, the 
clianges m the battery icmove elections fiom 
the anode There is thus pioduced a difference 
in the dhstubution of elections in the two paits 
of the cell, that is, a diffeience of electnc po- 
tential between the cathode and the anode 
In ordei to restoie the noimal, equal distiibution 
of electrons throughout the system, tlie cathode 
tends to lose elections and the anode to gam 
them Thus, if a wue is used to connect the two 
electiodes, elections Will flow through the wue 
from cathode to anode In the absence of a wiic 
to channel the flow, the cathode may be ex- 
pected to yield elections easily to anjdhing that 
can accept them — to a positively chaiged ion, 
for example The anode, on the othei hand, will 
remove electrons from anything, such as a nega- 
tively chaiged ion, that can supply them 
The aqueous solution of sodium hydi oxide 
contains sodium (Na"*") and hydioxyl (OH-) 
ions fiom the sodium hydioxide Mditci, which 
piodiices a lelatively small numbei ol ions, sup- 
plies some hydioxyl and hydiogen (H') ions. 
The sodium and hydrogen ions, both of which 
cairy a positive chaige, migiate towaid the 
cathode, wheie the hydiogen ions icmove one 
election each and ate conveiled fiist into neutral 
atoms and then into molecules of the element. 

2 H+ + 2 e — >- 2 II 
2 H — Hi 
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Since hydroRcn is not very sokihle, ImlibleH of 
the (ills ciillcct on the catlidde and thc'u escape 
into the an if no nu’aiis is used to collect the fins 
asitisliheiatod Sodnuii ions ai c not discliai ged, 
because a gieatei diffeience of potential is rc- 
qiined to conveit sodium ions into the fiee ele- 
ment than IS requiicd to discliiugi' liydtogen ions 
Even if sodium were lilieiatcd, it would in turn 
react with watei (iiage 108) tn foim hydiogeii 
and sodium liydmxide. 

The loiictioii at tlio anodi' piohaldy involves 
the coiiveisimi of hydioxyl ions into oxygen and 
water 

4 011- — J-Oj-t-'i 11,0-1- 4 0 

The elections ol the ions aie removed by the 
anode Tlie leactions that occui at tlic electiodes 
result, theiefove, in the eonveisioii of the water 
ut the solution into liydiogen and oxygen. 

12. Water Gas 

When steam is [lassed ovee hot coke 
(lOOO'’ C J, tlic following reaction oceuis 

C -H IL.{) — >-('() -h Ha 

Both of the products ol this leaetion arc 
gatses and hotli aio eoinhustilile The first, 
caibon monoxido, hums to loiiii carbon 
dioxide, and the second loniis water Tlic 
mixtuie of cailion numoxidi' and iiydiogen is 
called “water gas” and is an nnpoilantfiiel 
In piaetico, the coke is heated liy means of 
an air blast which causes some ol it to burn. 
The heat which is liberated ijilscs the tcin- 
peiature ot the lomamder ol tlie coke to 
about 1000° (' Steam is then turned on 
and tlio reaction wliicli tonus “water gas” 
takes ])la(‘e Siiuu' the reaetioii rcipurcs 
heat, the coke is soon eooh’d lielow the re- 
qiuied temiHii'ature The steam is tlien cut 
olf, and the mass is i elieal ed liy another blast 
of air, thus preiiauiig it loi fuitliei reaction 
With steam 

If “water gas” is to be used as a .source of 
pure liydrogen, eaibori monoxide must be 
removed The inixtuie ol gases is passed, 
with steam, over a catalytic mass, which 
consists of the oxides ot certain metals 
(oxides of non, chromium, and thorium are 
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used), at a moderately high temperature 
(aliout 500°) Undoi these conditions the 
steam oxidizes carbon monoxide to carbon 
dioxide 

Hs -b CO + Hat ) — >■ 2 Hs -h GO 2 

The carlion dioxide is soluble in cold water, 
partieulai ly so if passed into it under pres- 
sure Hydrogen is not very .soluble, and 
hence may be obtained oa,si]y by this method 
in a lauly puie state 

A mixtuie of caibon monoxide and hydro- 
gen IS produced, also, by the reaction of 
steam with methane and other hydiocaibons 
— ■ compounds ot carbon and hydrogen; 

CH, + H 2 O — ^ CO + 3 H 2 

The caibon monoxide is sepaiated from 
hydiogcii by the same pioeediue as for 
“water gas ” 

13 Decomposition of Hydrocarbons and 
Ammonia 

Hydrogen may bo piodueod by decom- 
posing or “ Clacking” hydrocarbons, such 
as methane (CHi), fiom iiatiual gas, at a 
sufficiently high temperature Ammonia is 
also “clacked” by being heated at 000° m 
the picsence of a catalyst 

CI-H— >“0 +2 Ha 
2 NH,, N 2 + 3 Ha 

One fouith ot the volume of gas pioduced by 
the decomposition of ammonia is mtiogeii, 
which cannot be separated easily fiom hydio- 
geu, but because i(- is an inactive element, it 
does not iiiteilere in many ot the uses of hy- 
diogen. Because ammonia can be liquefied 
easily, .sufficient quantities ol it to iiioduce a 
large volume ol liydiogen (Lliice tliousaiid to 
lour thousand eubu; feet) can bo shipped in 
a small cylinder 

14. Steam and Iron 

Because ol the cheapness ot the materials 
used and the lelativc purity ot the liydiogen 
produced, this method is veiy fiequently 
used to pioducc hydrogen for mdustiial pui- 
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poses Tins reaetion is also used in ronnec- 
tion with “water gas ” Steam is passed ovei 
iioii and hbeiatcs hydiogen, until the leac- 
tioii eeascs because of the loimation of 
Fe 304 , which coats over and protects the 
iron fiom fuither action A stream of 
“water gas” is then passed over the masSj 
and the following leactions occui” 

Fo, 04 + 4 CO — 1- 3 Fe + 4 CO 2 , 

FeA+dHj — >3Fe + 4H20 

The iron that has been converted into the 
ovide is changed back into metallic iron by 
these reactions, and can be used to hbeiate 
more hydiogcn fiom steam In this manner, 
the same mass of non can be used ovei and 
over again In order to make the production 
of hydrogen continuous, thiee plant units are 
sometimes operated. While one unit pio~ 
duces hydiogon, the others i educe the non 
oxide to metallic iron. 

PROPERTIES OF HYDROGEN 
15. Physical Properties 
Hydrogen ls the lightest of the elements, 
and its density is the smallest of all sub- 
stances One liter, measured undei standaid 
conditions, weighs 0 08987 g Because of its 
small density as compared with air (an is 

14 385 times as heavy), hydrogen can be 
poured upwaid from one vessel into anothei 
It has no coloi, taste, or odor, the odor that 

15 noticeable in some samples produced in 
the laboratoiy — by the reaction of non 
and acids, foi example — is caused by small 
quantities of impiuities, some of which are 
poisonous Hydrogen can be liquefied at 
temperatuies below -240° C, its critical 
temperatuie, by the application of the re- 
quired piessure The liquid, which has the 
appearance of water, has been fiozen at 
tenipei atuies near — 260°. This low tem- 
perature IS obtained by allowmig liquid hy- 
diogen to evapoiate under 1 educed piessuie 
Some heat is requiicd foi the evapoiatiou, 
and tins losiilts in a loweiing of the tem- 
peiature of the liquid The solid has the 


appearance of oidinaiy ice The solubility 
of hydiogen in watei is slightly less than the 
solubility of oxygen undei the same condi- 
tions At standard piessiiie and at room 
temperatuie, appioximately 2 ml of hydro- 
gen dissolves in 100 ml of water 

Hydrogen is adsoibed leadily by certain metals, 
and the eftect is increased consideiably if the 
metats aie m a finely divided, 01 powdcied, con- 
dition Molecules or atoms of adsoibed gases are 
held on tlie surface of particles of the metals, or 
perhaps, in some instances, atoms of the metal 
and hydiogen may chemically combine This is 
a dnfeient effect than, for example, the absorption 
of water by a sponge The adsoiption of a gas 
by a .solid is sometimes called occlusion As much 
as 900 ml of hydiogen can be adsorbed by 1 ml 
of finely divided palladium Tins adsorbed hy- 
drogen IS veiy active chemically as indicated by 
its tajiid oxidation in the an, whereas oidinaiy 
hydiogen and pure oxygen may be mixed without 
noticeable leaotion unless the mixture is ignited 
The increased activity of adsoibed hydiogen indi- 
cates that it exists in the atoimc (H) instead of 
the moleculai foim Naturally, the atomic foiin 
IS the more active, since the molecules must fii’st 
be separated into individual atoms, 

Ik — + 

befoie the atoms can react .separately with the 
atoms of otlioi elements. 

Because of its extremely small density, 
hydrogen dilfuses more rapidly than any 
othei gas This piopeity causes consider- 
able loss when hydrogen is used m fillin g 
balloons, unless the fabuc is coated with 
some material to prevent the escape ol the 
gas The diflusion of hydiogen may bo 
demonstiated by pa&.sing it into a vessel 
(Figure 58) which is inverted over a poious 
cup The tube, of couise, contains air which 
diffuses outward loss lapidly than hydiogen 
diffuses into the cup This condition results 
in an increase of piessuie, which causes the 
water in the bottle to rise m the tube The 
frequency ol vibration ol oigan pipes and of 
the leeds in wind instruments, as well as 
that of the vocal cords of the larynx, vaiies 
mversely with the density of the gas sur- 
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rounding them Thm results in an inciciuscd 
pitch m Hueh instriiincnts when they are 
made to vibrate, in i,ho pi (’senee ol hydrogen 
In the case of the human voice, tho pitch is 
raised when tlic gas is inhaled, 

16. Chemical Properties 

At ordinary teiniierature.s, liydrogen does 
not display proiuninccd activity in imiting 
with any of the other element, s, Its chemical 
propel ties may be .sumniariKC'il a,s folhiws: 

(1) Hydiogen combines with many more 
non-metals than mot.als d'hc.se combina- 
tions are u.sually veiy slow at oulmary lem- 
peiatures, but m maiiv case's thev become 
very rajiul at relatively high ti'mpcratiircs 
Hydiogen combines with sulfur vapor at 
250° (I , to form hydiogen sulfide, IIjS With 
ohlorino the loactioii is lu'ghgihlc at low tem- 
peratuies, but a jet ol hydrogi'ii coiitmues to 
burn in a vessel filled with eliloniie A mix- 
ture of tho two IS easily exploded liy exposuic 
to a very blight light; and thus hydrogen 
chloride (111)1) IS fonned Nitiogi'ii and 
hydiogen eomlnne umh'i'piopi'r conditions of 
tempeiature and prossuie to lonti ammonia, 
NHa, thus reaction is the basis of tlie Ilabei 
pioccss foi the piodiietion of ainmonia. 
Tho reaction bi’tweeu oxygen and Imho- 
gen IS negligible at tem[)eiatiues as high 
as 400° (I At 52.5° 0 , eonsideialih' water 
is foimcd altei tlu' mix'tuie has stood 
several hours At ()()0° ( ' , the speed of the 
leaction is rapid, and at 700° it oeeui's ex- 
plosively 

Because of the explosion that is certain to 
occur if a eonliiied mixtuie ol hydrogen and 
oxygon (or air) is igni(,ed, gioat can' must be 
taken in pieiiaiiiig liyihogi'ii No geneiatoi 
of hydrogen sluuild be set up iii the xeeiiuty 
of a flame, and the bvdrogen eseainng from 
agenciator sliould not be lighted until tests 
show that it IS pure A .samiole .sliould be 
collected in a Lest tube, leiiiovod to a dis- 
tance of scvcial feet fiom the soiiiee, and ig- 
nited If the hydiogen bums quietly it is 
pure The safest pioeedinc to follow con- 
sists in lighting the hydiogen from the gen- 


erator only with a tube of burning hydrogen 
that has been collected from the same souice 

OaLalysts, .such as finely divided platinum 
Ol palladium, accelerate the speed of the reac- 
tion even at low temperatures Owing to the 
lilieiation of heat, tho catalyst becomes led 
hot, and heats the hydrogen-oxygen mixture 
around it to a temperature at which ignition 
results The same principle is used in gas- 
lightci.s Many of the combinations of hy- 
diogcii with other non-metals are gicatly ac- 
celeiatod by catalytic agents This is partic- 
ulaily true of the production of ammonia by 
the Haber process 

(2) With certain metal.s, hydrogen loims 
compounds called Injdjides This name is 
not nceossaiily lestiieled to compounds of 
hydrogen and the metals We may, foi ex- 
ample, relei to hydiogen sulfide, IT28, as a 
hydiidc of sultin In compounds of hydro- 
gen with the non-metals, however, the 
Usual [iraetiee is to add tho suffix tde to 
the name of the non-metal lathoi than to 
speak ol a hydiidc The atitive metals com- 
hine directly with hydrogen when they are 
heated m iLs inosence Some metallic hy- 
drides aie unstable, a fact that may aeeoiint 
lor the catalytic action ol some mcl,als in 
icaetions involving hydiogen Hydiogen 
may be taken up by the metal ctitalyst to 
form an unstable hydiide which, iii turn, 
libciates hydrogen (peihaps in the atomic 
state) for reaction with other substances 
The tendency to form hydrides may also be 
paitly responsible for the adsoiption of hy- 
drogen by eeitain metals Examples of 
metallic hydrides are Nail and OaTIa. They 
react with water to liberal, e hydrogen and to 
foiin hydroxides ol tho metals 

( ’alJii + 2 HA ) — >• 2 IH -h (( 'a H' -|- 2 ( )II-) 

(8) Hydiogen leaets with eert.aui kinds of 
compounds that already contain some hydi 0- 
gen Because of thou ability to combine 
with moic hydiogen, those compounds aie 
said to be unsatiiiated, they are oiganie 
compounds of caibon and hydiogen, and 
some of them also contain oxygen and even 
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other elements The reaction by which hy- 
drogen IS added is called hydi ogenahon 
Hydrogen leacts, for example, with unsatu- 
rated, liquid fats to form saturated, solid 
fats. Solid fats made by hydiogcnatmg 
liquid fats aie used as substitutes for butter, 
for cooking in place of lard, and foi making 
hard soaps 

(4) Hydrogen is a reducing agent As an 
example of this piopeity, we may lecall the 
following leaction 

FcsOi + 4 Ha — ^ 3 Fe + 4 HjO. 

Heie hydiogen reduces iron from its combina- 
tion with oxygen to metallic iron Hydiogen 
1 educes the oxides of many othei metals in a 
similar mannei 

CuO + Hj — HjO + Cu 

In each of these leactions hydrogen is said 
to have been oxidized because its valence 
numbei is mcieased from 0 to +1. In con- 
tiast to these cases in which hydiogen acts 
as a 1 educing agent, let us recall leactions 
such as 

(1) Zn -t- 2 (I-I+ + C1-) 

(Zn+++2Cl-) + H2 

(2) CO + H 2 O — ► CO 2 -t- Ha 

(3) 2Na-|-2H20 — ^ 

2 (Na+ + OH-) + Hj 

In each of these reactions hydrogen is le- 
duced, while zinc, caihon, and sodium aie 
oxidized (At this time, the student should 
leview the subject of oxidation and reduc- 
tion as presented on pages 75-77 ) 

17. Atomic Hydrogen 

Hydiogen in the free state is composed of 
molecules of H 2 The fact that atoms do not 
occur singly indicates that the molecule is ex- 
tremely btahle, and that a 1 datively laige quan- 
tity ol energy is leqiiiied to dissociate it — to 
divide it into the .single atoms This dissociation, 
hoivcvor, can be accomplished undei special 
conditions, and single atoms do sometimes exist 
for a bi lef period of time Foi example, the hy- 
diogen that IS hbeiated in the leaction between 
an acid and a metal is piobably set fiee as single 


atoms, which then combine in pairs to form mole- 
cules. At the moment of libeiation, this hydrogen 
IS very active in leactmg with other substances, 
pieviously, it was called nascent hydrogen — hy- 
diogen in the state “of being born ” The hydio- 
gen that dissolves in melted iron and lemams m 
solution when the iron solidifies, 01 tieezes, is 
also piobably in the atomic state The extieme 
activity of the hydiogen adsorbed by finely 
divided metals is probably the result of the dis- 
sociation of hydiogen molecules, single atoms are 
adsoibcd 

Atomic hydiogen foi ms the same kinds of com- 
pounds and takes part in the same lands of re- 
actions as moleculai hydrogen In these reac- 
tions, however, atoms rather than molecules 
leact with atoms of other elements, and we 
should expect, therefoie, that atomic hydrogen 
would be moie active than ordinal y hydiogen, 
because the atoms are alieady separated and 
leady to combine with othei atoms, while the 
molecules must be broken up into atoms duiing 
the reaction. In keeping with this pi cdiotion, we 
find that reactions which aie veiy slow, at ordi- 
naiy tempeiatmcs, when moleculai hydiogen is 
used without a catalyst, are veiy lapid when 
hydiogen is in the atomic form Atomic hydio- 
gen, for example, is frequently pioduced in a 
mixtuie containing some substance with which it 
IS to react by adding hychochlonc acid and finely 
divided zinc or some othei active metal 

The so-called atomic hydrogen flame is pioduced 
by passing hydiogen thiough an electiic arc be- 
fore it burns m an atmosphcie ol oxygen or air 
In the aic, hydiogen is paiLially dissociated into 
the atomic form. The lecorabmation of the 
atoms plus the oxidation of hydiogen to foim 
watei liberates a laige amount of eneigy A 
temperatuie of 3500° -4000° C can be obtained 
in this flame 

1 8. Heavy Hydrogen or Deuterium 

There are tliiee isotopes (page 51) of hy- 
drogen; these dilfei in the stiuctuics of their 
atoms and in atomic weights The oidmary 
hydiogen atom has a single proton for its 
nucleus and one election Not many years 
ago, a second kind of hydiogen atom was 
predicted It was said that this atom should 
also have a single election but that its nu- 
cleus should contain one neutron as well as 
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a proton Since each kind of atom was 
thought to have a single election, it was be- 
lieved that the two kinds oi hydrogen should 
resemble each othei veiy closely in proper- 
ties, but that one should have an atomic 
weight twice that ol the othoi The heavier 
kind of hydrogen was called, simply, heavy 
hydrogen 

By studying the spectrum of luminous 
hydiogen (analy/ing the light that it emits), 
Urey in 19111 showed that both kinds of 
hydrogen do exist lie studu'd the gas that 
was last to evaporate horn lupiefied hydio- 
gen; the heavier and, thtueloie, moie slowly 
moving molecules wcie the last to evapoiatc 
The heaviei isoioiie of hvdiogcri is now 
called deulennm It is luodueed by collect- 
ing the final inutiou of hydiogcti hlieialcd in 
the electrolysis ol ivalei , since tlu' lighter 
atoms aie lihcialcd nune iciuhly Ihuii those 
of deutciium J'’oi the eompletc sopaiation 
of deuterium, the sample first eolUs ted is 
burned to fonu water, which is again electro- 
lyzed, and the last poitioii of hydrogen set 
flee is again collected The pioeedurc may 
be lepoatcd until pure dcutcuium is ob- 
tained rare heavy water, or dculemm 
oxide, IS now available for icscaieh Its 
propeities aio considerably dideient from 
those of ordinary watci It has a dilfeicnt 
physiological clfcct on animiLls that dunk it, 
as compaied with an eipial volume of watei, 
it dissolves diffeient quantities of salt and 
other substances, and its density, boiling 
point, and freezing point dihci fiom those of 
water Duiiiig recent years, great interest 
has been shown m the iirciiaration of com- 
pounds in whit.li liydi'ogeii is leplaeed by 
deuterium. Oidiuary water contains one 
molecule of doutcmim oxide in about dSOO 
The most abundant isotope of hydrogen, 
which has an atomic! weight ol approxi- 
mately 1, IS sometime.s called prolium 

The atom of the thud isotope ilritiwn) contains 
one electron and its nucleus is composed of one 
proton and two neutions Ordinary hydiogen 
contains one pait of tlus isotope m several mil- 
lions. 
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19. Uses of Hydrogen 

(1) The oxygen-hydrogen torch, oi blow- 
pipe, has been desenbed on page 73 

(2) A,s a reducing agent, hydiogen is used 
to reduce the oxides of certain metals by com- 
bining with the oxygen they contain and set- 
ting the metals iieo The tungsten used as 
the filament in elec tiic-hght bulbs is prepared 
in thm manner Hydrogen is also used to 
produce a reducing atmosiihcic about metals 
that must be hcat-ticated, as in the annealing 
of biass It IS also used to produce a non- 
o.xidizing atmospheie about metals that aie 
heated to a high tempeiatuie for other 
leasons, a.s, foi exaraiile, the wire used as 
icsistanee in eeitain types of eleetiic fui- 
naces In all oi these in.staneos, the metals 
would combine with oxygen, il it were not 
excluded If any oxidation docs oceui, hy- 
drogen reduces the oxides that are foimed 
and sets the metals tiee again 

(3) Hydrogen is used to fill balloons and 
dirigibles Because ol the danger involved 
in its u>se, hydrogen is leplaccd by helium 
for such pui poses, whenever a supply of the 
latter is available Helium, unlike hydrogen, 
is mert, so that its use involves no dangei of 
chance ignition 

The lifting power of hydiogen in air is gi eater 
than that of any othei gas, since the buoyant 
effect of a gas (m air) depends upon the diffei eiice 
between its weight and the weight of the volume 
of an that it displaces A gas such as caibon 
dioxide, COi, would have no lifting power at 
oulmaiy tcmpciatures, since it is heaviei than 
ail The densities of hydiogen, helium, and an 
(standaid conditions) aic 0 08987, 0 187, and 
1 203 giams pei htei, lespoctivcly To avoid 
these .small numliors, we may use a laiger volume, 
weighing 2, 4, and 29 grams (weight of 22 4 
standaid liters), respectively The buoyant 
effects of hydiogen and helium aie, theroloio, m 
the latio of (29-2) to (29-4) oi 27 to 25 The 
rates of diffusion of hydiogen and helium aic 
inversely proportional to the square loots of 
then densities Thus, hydrogen diffuses x/i/Vi 
= 2/1 415 =14 times as rapidly as helium This 
IS not sufficient diffcience to make helium much 
more desiiable for use in balloons, although its 
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slower late of diifiision does decrease somewhat 
the loss caused by the escape of the gas thioiigh 
the fabiio of winch the coiitainei is made 

(4) Hydi ogen is used to hai den liqmd fats 
such as coconut and cottonseed oils Hydi’o- 
gen under pressuie is foiced into the hquid 
fats at temperatures around 175° C , and in 
the piesence of finely divided metal (usually 
nickel), which acts as a catalyst. The reac- 
tion that occurs involves the combination of 
hydiogen with certain atoms of caibon in the 
molecules of the liquid fats, which, because 
of their ability to combine furthei with 
hydrogen or other substances, are said to be 
unsatuiaied (see page 113) Upon cooling, 
■solid "satuiated” fats aie obtained These 
solid fats aie u.sed as substitutes foi lard and 
in the production of candles and hard soaps 
(5) Hydiogen is used m the syniheke pro- 
duction of ammonia, NHj, methyl alcohol, 
CH3OH; foimaldehyde, HCHO, and other 
substances 


Until about thirty years ago, coal was vir- 
tually the only source of ammonia Some 
IS still obtained from coal, but the synthesis 
of ammonia from hydrogen and the nitrogen 
of the an is now a far more impoitant source 
of supply 

Ns -h 3 H 3 — 6 - 2 NITg 

Methyl, or wood alcohol was formerly pro- 
duced from wood. Its synthesis from carbon 
monoxide and hydrogen is now the principal 
source of this important compound Formal- 
dehyde is synthesized by a similar reaction 

00+ lU-^HCHO 

CO + 2 Ha CHsOH 

Because of the industrial impoi Lance of 
formaldehyde in the manufactme of certain 
kinds of plastic, s, of wood alcohol as a solvent 
and as a starting material in the synthesis of 
many dyes, drugs, and other organic com- 
pounds, and of ammonia in the manutacturo 


Courtesy of Lever Brothers 
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of ferUlizci'K, nil.ric acid, and oxplasivea, 
the lolc of hvdiogon m tlu'ir syntliokc pu)- 
ductioii IS tho most iini)C)itant of the many 
uses of this (ilpuKiiif^ (h'l’tam othci com- 
pounds contaimiifi; hydiop;cu can 1 k> .synthe- 
sized in a similai maiiiiei In some instances 
the olfoc't 111)011 national and evmi world-wide 
economics and indiist.ry has been alimxst 
revolutioiiiuy At one lime, for examine, 
evciy nation depended upon sodium mtiatc, 
obtainalde only horn Chile, ior the maiiiifae- 
tuie ol iiitiie acid, which is essential in the 
production of explosn I's, leitihzeis, and 
many othei pioducts ot impoitance Now 
nitiic acid can he manufactured m any coun- 
try from the ammonia that is made from 
hydroKcu and tlu' iiilroneii of the air 

20. The Production of Motor Fuels and Oils from 
Coal 

Coal IS eomposed ol car! ion and compoimds 
of cailioil, hydioffeti, iiitroKi'u, and a low 
other elements (lasoluic, kciihsimc, and 
lubncatin(i; ods aic composed of .several 
liquid eoiiipmuids oi caihoii and liydioKeii; 
gasoline, loi ex.unple, eoutains heiitane, 
CyHii), and luhiieatinii; oils cuntaiu .similar, 
but more coinjilex and luqlier hoilmg com- 
pounds, such as ( 'aiinis 

If hydiogeri cimld he made to conihine 
with tlieeaihonm coal, liquid liydioeaihons, 
such as those eontaini'il in gasoline, .should ho 
formed This comlunatioii has heini made 
to take [ilace h^ tieating iiowdeii'd coal with 
hydrogen at niodeialrclv high temperatmes 
andundei veiy gieat jnessmes Tin* process, 
which has been di'veloped on a laigi' scale 
m Germanv siiice IthJri, is called tiu' Hergnis 
process foi llu' li((iielaction ol eoid 'I’liat it 
is a piiicl.ical inellioil ol pioducing motoi 
fuels IS shown by (lei many's pioduetioii, 
even as eaily as 192 !), ol 100 , ()()() tons ol 
liquid iuels tliiough its opeiatioii J’lauts 
for the opmation of this iiioeess have been 
built 111 0111 own eounliy, also As a means 
of pioducing iKpiid fuels, this process is ol the 
gieatost 11111)01 tance to those eountiies in 
which iial.ural resouices ol iietioleum — 


HYDROGEN 

from which gasoline, kerosene, lubiicatmg 
oil, fuel oil, and similar products aie obtained 
by distillation — do not exist or have been 
exhausted 

By a somewhat similar piooess, hydrocaihons 
foi use as motoi fuel are produced by catalyzed 
leactions fioni a mixtuio of caibon monoxide and 
hydrogen that lesults fioin the icactinn of coke 
and steam (water gas) or fiom tho icaotioii oi 
steam with methane (CHi) Ilychogen i.s also 
n.sed 111 the hydrogenation of ciude pcti oleum to 
mcieasc tho quantity of gasoline that can be 
produced. 

Review Exercises 

1 Clmnp.aie and coiitiast oxygen and hydrogen 
as to physical anil ohemical piopcities. 

2 TIow could the hydiogcn that escaiios horn 
tho eaith in the gase.s ftom some volcanoes 
hav'C liecn piodueed fioin watei Why should 
such gams be more likely to contain hydiogcn 
than oxygon? 

3 What two leaotioiis discussed in this eliaptoi 
involve watei' as an oxidizing agent? Name 
one loaction in which liychogeii acts as a 
ledueing agent 

4 Name foiii reactions by which hydiogcn can 
be piodueed fiom water 

.5 Why aio laboiatoiy samples of hydrogen not 
often piodueed liy the eloetiolysis ol watei? 
Why IS industrial hydiogou not piodueed by 
llic loacticni between acids and metals? 

G Whv cannot sodium hydi oxide be legaidcd 
as a catalyst in the pioduetion of hydiogcn 
by means of the leaction involving silicon? 

7 Name foui uses ot hydmgeii and desenbe 
the ehemical changes upon which they rle- 
licnd 

8 Why does an nxygen-hydingcii blowpipe 
give a liotloi' fliiine than one in which a 
niixtuie of liydiogeii and lur is binned? 

!) Could a balloon hllcd with hydiogou rise to 
an uulumtcil altitude'^ Explain 

10 Which of the following metals displace tin 
fiom a solution eoutaming stannous chlonde, 
SiiCb'’ Coppei, gold, magnesium, non, lead, 
aluminum, platinum, and silvei Which of 
these metals would tin displace'^ 

11 How could you piove that one ot the eloinents 
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of wliick a sheet of paper is composed is 
hydrogen'^ 

12 Wliy would the name oxygen have been more 
appropriate foi the element now called hydio- 
gen than it is for the element to which it is 
applied? 

13. Explain oxidation and reduction m terms of 
changes invohmg the elections of atoms 

14 Why does hydrogen combine more readily 
with non-metals than with metals'" 

15 Under what condition will a leversible reac- 
tion occur only m one direction? 

16 Explain the displacement of one metal from 
its compounds by another metal, or by hy- 
drogen, in terms of changes involving elec- 
tions 

17 When iron displaces coppei from cupnc 
chloride, CuCh, which element is the oxidiz- 
ing agent and which is the i educing agent^ 

18 Wliy was the pioduction of gasoline by the 
hydrogenation of coal more widely used in 
Germany than m the United States even 
piior to 1939? 

19 Calculate the (standard) volume of 10 kilo- 
grams of hydiogen 

20. A balloon contains 100 kg of hydrogen and 
weighs one ton Will the balloon rise if the 
hydrogen is under standard conditions? 


21 A balloon is filled with hydrogen at a pressure 
of 740 mm and at 30“ C- It contains 3000 
cubic feet What will the volume become 
when the balloon has iisen to an altitude 
where the temperature is 10“ C. and the pres- 
sure is 60 mm ? 
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MOLECULES AND 

molecular weights 


It scans probable to me that God in the begxnniny 
formed matter tn solid, massy, hard, impenetrable, 
movable pariulcs, of sudi sizes and figuies, and with 
suck other properties, and in suth propoi lion to space 
as most conduced to the end for which he formed them, 
and that these primitive pai tides, being solids, are 
iiu oinparabhi harder than anij porous body com- 
pounded of them, even so very hard as never to iivat oi 
Ineak in pieces, no onlium y power being able to diridc 
v'liat God himself made one in the jirsi creation 

SIR IbAAC NEWTON 


I Introduction 

Thcicador who luih lollow cd (.he di.scuhsion 
of the cigliC proccdiug cluiptoih luis boon in- 
Iroduced io inanv lugumculH m favor of the 
view that inalU'i is coiuposod ol iiaiUdon 
The law.s of chcnuoal chaiigo and tho kiuotio 
mtcipiolalion ol llu- behavior ol gases make 
any olhci conelusion almost iinpossililc Ovu 
piescntatum oi the atoimo-uioleeulai theoiy, 
howevci, Ls lai liom eomiilele, and in some 
respects we have developed it only a little 
luiLhei than it was earned liy ,lohu Dalton 
in the oaily yearn of the nineteenth eenliny 
By 18G0, many uneeitamties under wdiich 
Dalton labored liad been faiilv well deaicd 
away, and eeilnm iundameiital ])imeiples 
wore geiunally aeeejited Among tliese was 
roeognitiou of the distmetiou bi'tween atoms 
and molecules ol ecrLaiii elements, the line 
basis upon which the lormulas of eompmmds 
and the number of atoms ol each kind m a 
molecule could lie d(*teijnined, and aeeurate 
methods of deteimimng the iclativo weights 
of atoms and inoleeiiles d’o these subjects 
wo now tuui om attention Fust ol all, we 
shall study the lelations between the vol- 
umes oi gases that react oi aie produced 


duiing eliemieal changes, because in siieli 
studies weie loiind the clues upon which the 
nuicteeutli-eentury development ot chem- 
istry was based 

2. Reactions Involving Gases 

VVhcruwci watoi is jnoduced Irom ils 
elements, two volumes ol hydrogen aie ro- 
(lUiicd for one volume ol oxygen II the 
water jiroduced by the reaction is kept at 
100° C , Ol highci, it too will exist as a gas 
(water vapoi), and its volume, calculated 
foi the same pi nssiu e and Lemjioi atm o as the 
volumes ol hydiogcn and oxygen, will be 
the same as that ot hydiogen and twice that 
ol oxygon - two volumes We use the l,eim 
volume heie in a geiiei al sense II the volume 
ol one gas is measuied iii liLeis, the volumes 
ol the olhi'i’s must alsobomcasinod m lilers 
Thus, two hteis of hydiogen and one htei 
ol oxygen leaet to foim two hlors ol watoi 
va[»or, all volumOiS liemg calculated foi the 
same tempeiaUuo and piossme 
Below, we list sevcuil othei leae lions that 
involve gases These .statements point out 
the relative volumes of the gases that leact 
or are pioduced in each leaction, and it is 
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Upon this point that our attention at present 
should be centeied 

(1) Cai bon (solid, as m chai coal) + 1 volume of 
oxygen — >- 1 volume of caibon dioxide 

(2) 1 volume of hydrogen + 1 volume of 
chloune — >-2 volumes of hychogen cldo- 
iide 

(3) 1 volume of nitrogen + 3 volumes of hydro- 
gen — 2 volumes of ammoma 

(4) mercuiic oxide (solid) — >- 2 volumes of 
mercuiy vapoi -f 1 volume of oxygen 

Since we are concerned only with gases, 
the volumes of the solids involved in the 
reactions are not considered 

3 Gay-Lussac’s Law of Combining Volumes of 

Gases 

From a study of such icactions as those 
desciibed above, Gay Lussao, in 1808, formu- 
lated the general principle that beais his 
name The volumes of any two gases involved 
in a reaction, either as reacting substances or 
as •products of the reaction, ate in a ratio to 
each other of two small, whole numbers Thus, 
the volumes of hydrogen and oxygen in the 
reaction to form watei aie in the latio of 
two to one, the latio of the volumes of hy- 
drogen and watoi vapor is one to one, and 
tliat of oxygen and water vapoi is one to two 

'I'liih Jaw had mmc influence upon the dciclop- 
nient of chemistiy than even tlie Law of Com- 
bimng Proportions by Weight For one thing, it 
IS much simplei and moie easily explained 21ie 
study of the combining weights of the elements 
involves faiily laige numbers, each of which con- 
cerns only one substance, and most of which 

as 35 46 foi cliloiuie — aie not whole numbeis 
On the othoi liand, a few small numlipis — 1, 2 
3, 4, lint ii'-ually notJung highci — can Ire used' to 
lepiesent the propoi Lions by volume of all gases, 
both elements and compounds, m then reactions' 

We come now to this question Why aie 
(lie volumes of two gases that take pait m, 
or aie pioduced by a leaction, always m the 
latio of two small, whole iiumbeis? The 
answer has great significance 


4. An Explanation of the Law of Combining 
Volumes 

Let us try to foimulate a theory concern- 
ing the structuie and composition of gases 
that will answer this question in a satisfac- 
tory manner The clues for the solution of 
the problem aie to be found in facts pievi- 
ously studied and in certain conclusions that 
we have already reached as to the nature of 
matter 

(1) In ariiving at the lanetic theoiy, we have 
accepted the conclusion that gases aie composed 
of particles sepai ated by empty space 

(2) Dalton’s atomic theoiy leads us to believe 
that when two elements leact — just now we aie 
inteiested in two gaseous elements, such as hydi ei- 
gen and oxygen — their two kinds of particles 
leact m simple, numeiical ratios, such as two to 
one, to make one oi inoie whole particles ol a 
compound 

(3) Gay-Lussac’s law states that the volumes of 
any two gases that react, oi aie jiioduced, ni a 
reaction aie also m a latio ol two small, whole 
numbers 

5. The Reaction of Hydrogen and Oxygen 

Accepting, fiien, these ILiee statements, 
we see that the particles of gases that icact, 
or are pioduced, aie in the latio to each othei 
of small, whole numbeis, so, too, aie tlie 
volumes of the gases The iruheation is that 
the mimbos of pat tides that react aie in the 
minie ititio iib the voliiy)iQs l^oi oxiiiuplc tlu' 
volumes of hydiogen and oxygen that eoiii- 
bine to hum watci aie in the ratio of two to 
one, peihaps the particles of hydrogen and 
oxygen that combine are also in the ratio of 
two to one 

At any late, let us build our explanation 
aiound this assumption If it i,s tu,(', (hen 
equal volumes of hydiogm, oujqrn, and all 
olhei gases eonkun Ike same numbei of pat tides 
under the same conditions ol temiicratuie 
and pressuie Two volumes ol hydrogen 
combine with one volume ol oxygen, then, 
if two particles of hydrogen combine with 
one paiticle of oxygen, it is clear that equal 
volumes of hydiogen and oxygen contain the 
same number of pai tides 
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1 liter 


1 liter 


Hydrogen 

Two volumes -t- 


+ 


1 liter 


Oxygen 
one volume 


1 liter 


1 liter 


Water vapor 
two volumes 





+ 

o 






Two molecules 4 . one molecule — >■ two molecules 

Figuro 66 The Reaction of Hydrogen and Oxygen 

If equal volumes of different gases contain the same number of molecules, it is obvious that the molecules that react and 
are produced are in the same proportion as the volumes of the different gases involved in the reaction 


Nevi, we note tlnit two volumes of water 
vapoi LUC fonned when two volumes of hy- 
diogou and one of oxygcm I'mieti Btill i elying 
upon oiu cionelusion that eciual volumcb of 
all gibses eontiiin the bamc number of pai ti- 
des (ahsummf>; constant tempetaUire and 
proHsuie), the immhoi' of iiiu tides of water 
must be the same us the numhei of hydrogen 
particles and twice us gu-at as the tuimhei ol 
oxygen partii h's Irom which waku is made 
See Figurt' (1(3 

2 paiUclcs of hyduigcn -|- J piirlKlo of oxygon — y- 

2 iiailu'los of waU ‘1 

6. The Reaction of Hydrogen and Chlorine 
In this icaction (Figuie (iTj, one volume of 
hydiogeii leaets with an (Hitiid volume of 
diloime to 1mm two volumes of hydrogen 
diloride, w hieh is also a gas (The tompora- 
tuie and piessuie lor which these volumes 
lue calculated aie, ol course, the same toi all 
llueo gases ) II eiiual volumes ot these gases 
contain till' same number ol iiuil.icles, thou 
one particle of hydiogen reads with one ol 
chloiiiie lo niuki' two ol liydiogeii diloiido 
Why slunild two liteis ot hydiogen leact 
with one of oxygen, while only one htei of 
Jiydiogen is lequireil to leact with one ot 


dilonne? Surely, the answer must be that 
twice as many pai tides of hydrogen react 
with one particle of oxygen as icact with one 
ol chlorine Our assumption that equal vol- 
umes of gases contain the same numbci ot 
particles appears to hold up very well 

7 The Reaction of Hydrogen and Nitrogen 

In this reaction, one volume of nitrogen 
and tbico volumes of hydiogen foim two 
volumes of ammonia Using the same line 
of leasonmg as befoie, we conclude that 
three piu tides of hydiogen and one of nitro- 
gen form two of ammonia (Figure 68) 

8 Avogadro's Principle 

The explanation ol Gay-Tuissac’s law that 
we have used above was hist suggested by 
Avogadro in 1811 The luiidaniental idea 
upon which this explanation was based is 
called Avogadio’s Principle Equal volumes of 
all (/ases, under the same conditions of lempei- 
aluic and picssiue, contain the same number oj 
molecules The woid molecule was hist used 
ill this eoniiection Avogadio used it to 
designate the smallest particle ol a substance 
that exists in the natuial state ol that sub- 
stance — the smallest particle that can exist 


• 

4- 

m 





Hydrogen ( 

Chlorine Hydrogen Chloride 


Figure 67 The Reaclion of Hydrogen and Chlorine 
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Nitrogen 


+ 



Hydrogen 




Ammonia 


Figure 63, Th« Reaction of Hydrogen and Nitrogen 


alone Thus, the pai tides of hydrogen, 
oxygen, chlorine, nittogen, water, hydiogen 
chloride, and ammonia to winch we have re- 
feired in the preceding sections are mole- 
cules — not atoms — of these substances 
Although Avogadio’s punciple was based 
upon an assumption, and thciefore was at 
fiist only a hypothesis, it has been veiifiecl so 
completely by expeiimental data that it can 
now be called a law 


ATOMS AND MOLECULES 

Avogadio’s punciple was introduced in the 
early part of the nineteenth centmy, but 
not until after the middle of the centuiy was 
it accepted generally, and its full worth 
realized Its final recognition and its peima- 
nent establishment in the basic framework 
of chemistry must be credited to Cannizzaro, 
who revived the law and showed that it is 
the only logical basis for distinguishing be- 
tween the atoms and molecules of elements 
and foi the accuiate detemaination of the 
1 dative weights of atoms and molecules of 
different substances The story of how Can- 
nizzaro unraveled these tangled threads of 
early nineteenth-century chemistry, lecon- 
ciled different views, and placed chemistiy 
at last upon a sound foundation, is told in 
the pages that follow 

9 Atoms and Molecules of Elements' How Many 

Atoms in a Molecule of Hydrogen® 

Following along the line of reasomng that 
led to Avogadio’s principle, it appeals that 
one particle - the smallest possible paitide 
that can exi.st by itself — ■ of hydrogen reacts 
With one of chlorine to make two of hydiogen 
chloiide We shall call these particles mole- 
cules. Each molecule of hydiogen chloiide 
must contain some hydrogen, and all samples 


of hydrogen chloride are identical in proper- 
ties and in composition, hence the differ ent 
molecules of hydrogen chloiide must contain 
the same quantity of h3'-diogen This must 
moan that the molecule of hydrogen is 
composed of at least two identical parts, 
each of which forms one molecule of hydio- 
gen chloiide For the same leason the chlo- 
une molecule must also contain at least two 
paits The whole particles of hydrogen and 
chlorine, and also the particles of hydrogen 
chloride, aie molecules of these substances 


Figure 69. 

Ch-f Hi — >-2irCl 


The pails, or fractions, of the molecules ot 
hydrogen and chlorine must be consideied as 
atoms of these elements, in keeping with the 
defimtion of an atom as the smallest pot lion 
of an element that takes pari in a chemical 
leachon 

The atom of an element, therefore, is not 
necessaiily the smallest particle of an ele- 
ment that occuzs in the free state, such a 
par tide is a molecule The smallest pai tides 
of hydrogen and chlonne in the original vol- 
umes ot these gases — before they react ■ — 
aie molecules After the reaction, the small- 
est portions of these elements in molecules of 
hydiogen chloiide aie atoms It appoais, 
theiefoie, that each molecule of hydiogen, 
and also each one of chlorine, contains at 
least two atoms If molecules of hydrogen 
chloiide aie decomposed, single atoms of 
hydrogen and of chlorine aic libeiated, but 
immediately the atoms of each element com- 
bine to make molecules because the single 
atoms cannot exist in the free state of those 
elements 
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10. Is It Possible That a Molecule of Hydrogen 
Contains More than Two Atoms® 

If hydrogen tiiid chlonne moleculeK aie 
composed of two atoias each, then each 
molecule of hydrogen elilondo eontams one 
atom each of hydiogen and chlormo, and the 
formula of the eoniponnd is MCI (Sec 
Figure 09 ) There are, of eoumi', othei pos- 
sibilities Kaeh inoh'cuh' ol liydiogon and 
each molecule of elilonm' might contain four 
(oi SIX or eight) atoms, each molecule ol 
hydrogen chloride would then contain two 
(or thiec or loui) atom.s of each of the ele- 
ments 

This question can lie answoiod satisfac- 
toiily only when we know the lelative weights 
of hydiogen chloiide molccuh's and hydrogen 
and chlonne atoms If the weight of the 
molecule of hydrogen chloiide is (Hpud to the 
sum of tlio weights of one alnm eacli of hy- 
diogen anil ehloiine, then tiieii' can lie no 
doubt that tlie molecule (IK 1) is comiio.si'd 
of one atom of each of tlu' two elements 
If the molecular weight, how'evci, is double 
the weight of the siiiqilest possible molecule, 
then the molecule (IlaCb) must eontain two 
atom.s each of hydrogen and chlonne, and so 
on Naturally, no decision can bo made in 
this matter until the basis loi thi' dotcrinma- 
tion of atomic and molcculai w'cigbts is lully 
woiked out and agreed upon 

Wo shall deseiibc the mctliods used to detoi- 
mine the relative weights of diffei out nloiiis and 
molecules a little later One icason foi doing 
so is indicated by the question wc liar e just laised 
Weshall find that all cvidmicc iiouits towaid IICl 
as the collect, foiiniilii foi liydiogcii cliloiidc, and 
tlieiefoic to the conclusion Unit a iiiolcc ule ol this 
substance' contains only two atoms, one of each 
element 

11. The Reaction of Hydrogen and Oxygen 

The leaeium lietwcen o\>’gen and hydro- 
gen to foim watci indicates that the oxygen 
molecule is composed of two atoms 

2 volumes of hydrogen + 1 volume of oxygen y 

2 volumes of watei vapoi 


Hence, in accoi dance with Avogadio’s law, 
we conclude that 

2 molecules of hydiogen -)- 1 molecule of oxygen y 

2 molecules of watei yapoi 



Figure 70 


Oj + SIIj y 2 IhO 

We must assume that one half of the oxygen 
molecule goes into each ol the water mole- 
cules and that the molecule of oxygen is 
probably diatomic — 0^ As m the case of 
hydiogen and chlorine above, the oxygen 
molecule, .so far as our evidence to this point 
pioves anything, might contain some multi- 
ple of two atoms (4, 6, 8, etc) Howevei, 
the moleciilai weight of water as deteimincd 
hv the method to be dcsciihed m Section 
13, is 18 01G, which shows that the waici 
molecule can contain but one atom of 
oxygen The molecule of oxygen, thciefoic, 

IS O 2 

Since each hydiogen molecule also con- 
1, aiiis two atoms, as indicated by the leaction 
between hydrogen and chlorine, we may say 
that four atoms of hydiogen, which exist in 
the fice state m the form oi two diatomic 
molecules, leact with two atoms of oxygen, 
which exist m the Iiee state as a single dia- 
tomic molecule I Vo molecules ol water aic 
produced by this icaction, and each of the.se 
IS composed ol two atoms of hydiogen and 
one atom ol oxygen The formula of water, 
theicfore, is H 2 O 

12 Molecules of Other Elements 

The inolcculKS of some elements, .such as the 
iiieit gases of the atmusplieio, aic nioiiatoimc, 
1 e , tlioir molecules consist of single atoms For 
these clcinoiits, tliciefoio, the leiiiis molecule 
and atom iclei to the same jiaiticle of the cle- 
ment Many othei gaseous elements, including 
nitiogcn, oxygen, chlorine, and hydiogen, are 
diatomic, 1 e , then molecules consist of two atoms 
each In the absence of dohnite infoimation con- 
ccinmg then moloculai oompusitioii, many solid 
elements aie legaided as monatomic When 
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tlie.se same elements can be obtained and studied 
111 then gaseous .“tato, definite molecular foimulas 
(the number of atoms in a molecule) can some- 
times be deteimmed Thus, sulfiii, at tempeia- 
tuies slightly above its boiling point, appears to 
consist of molecules of Sa At higher tempera- 
tures, the molecules contain fcwei atoms, most of 
them having the foimula Ss The solid state of 
sulfur IS usually legaided as oonsisting of single 
atoms, S 

13. A Comparison of the Weights of Molecules 

Avogadro’s principle provides a means of 
deteimimng the relative weights of mole- 
cules of different substances in the gaseous 
state Equal volumes of all gases, at the 
same tempeiatuie and pressuie, contain the 
same number ot molecules, hence, if we wish 
to compare the weights of the molecules of 
two gasas, all that we need to do is to find 
the weights of equal volumes ot the two 

If it were possible to select the volumes of 
the two gases that contain single molecules, 
the weights of these volume.s would give the 
absolute weights ot the two molecules But 
we cannot deal with volumes as small as 
these If, however, wc select a definite 
weight of some gas as a standard, then its 
volume and an equal volume of any other 
gas (at the same temperature and piossme) 
will contain the same number of molecules 
Theiefoio, the two kinds of molecules will 
have weights that are in the same ratio as 
the weights of equal volumes of the two 
gases We do not need to know the number 
of molecules weighed, the ratio of the weights 
of 100,000,000, 01 of any othei niunbei of 
molecules of two substances, is the same as 
the latio of the weights of one molecule of 
each 

Since it combines with a large numbei of 
elements, oxygen has been .selected as the 
standard Some weight ol oxygen mu.st also 
be .selected for the compausons so that the 
volume to be used for different gases can be 
fixed Let u.s use 32 g of oxygen, this weight 
of the clement ocoupie.s 22 4 liters under 
standard conditions Now, by Avogadio\ 
piinciple, the weight (2 016 g ) of 22 4 liters 


of hydrogen, undei standaid conditions, is 
the weight of a ceitain number of hydiogen 
molecules as eompaied with 32 g as the 
weight of the same number of oxygen mole- 
cules For our present purposes, it is not 
necessary that we know what that numbei is , 
let us designate it by x Then v molecule.s 
of hydiogen weigh 2 016 g , and x molecules 
of oxygen weigh 32 g 

weight of X molecules of oxygen 

- - ■ . — — I ^ 

weight of a molecules of hydiogen 
weight of 1 molecule of oxygen 32 
weight of 1 molecule of hydrogen 2 016 

In othei woids, whatevci a single molecule 
of oxygen weighs, a molecule of hydiogen 
weighs 2 016/32 ol that weight, the molecu- 
lai weight of hydiogen is 2 016 as compared 
with 32 foi oxygen In general, 

weight of 22 4 liter b ot X 
weight of 22 4 liteis of O 2 ^ 
iveiglit of 1 molecule of X a 
weight of 1 molecule of Oi~ 32 

wheie a is the weight ot a molecule of the 
substance X, as eompaied with 32 for the 
weight of a molecule of oxygen, thus, a giams 
of X IS the weight of 22 4 standard liters of X 
in its gaseous state 

14. The Scale of Molecular Weights 

The scale of molecular weights is based, 
theiefoie, upon the selection of the numbei 
32 to iepie.sent the weight ot a molecule of 
oxj'-gen Since a molecule of this element 
contains two atoms, the selection of this 
number place.s molecular and atomic weights 
on the same scale, namely, a scale on which 
the weight of an atom of oxygen is repre- 
sented by 16 

The molecular weights of othei substances, 
expressed on the same .scale, are nitiogen 28, 
caibon dioxide 44, watei 18 016, chlorine’ 
70 92, sulfiu dioxide 64, ammonia 17 024, 
hydrogen chloride 36 468 These niimboi.s 
mean that 32 parts (gram.s, pounds, tons, 
and the like) ot oxygen contain the same 
number of molecules as 28 parts of nitrogen, 
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44 paitR of oaibon fhovido, and so on They 
also mean that, tbe of ciinul nuinbois 

of molecules of oxyReu and luLiosen arc in 
tlie niUo of 32 fo 2H, l,lu> nuinbor of inole- 
oules can lie one ol each substance, or any 
other iiuuibei iinnuded it is tlie .same for 
lioUi 

15. Gram-Molecular Weights and Giam-Molec- 
ular Volumes 

In lescaicli and in (lie e\'ervday woik of 
the chemist, it is oHen m>ce,ssaiv to use the 
same numbei ol molecuh's ot dilTiseiit .suli- 
stanccH, at Ira.st, we must be able to calcu- 
late the idalwr iiuiuIk'is ol molecules of dil- 
feient .suli.slaiice.s when tlie weights to be 
used are known Wheiuwei llu'se weights 
arc in tlu' sanu' mtm as the moleculai weiglits, 
we luo ceitain that. W(' arc' (li'alnig with the 
.same nunibm' ol inoleenle.s ol (‘aeh snb.stanee 
If, for o\'am])le, 1 1 g ol caibon dioxide 
(molecular weiglit, 11) and 32 g ol sulfui 
dioxide (moleculai weight, (il) are involved 
in a leac'tioii, w(' know' that two molecules 
of tho latler ai(> iniolved lor each nioleciilo 
of tho loimei 

1 1 g _0 2.') giam-inolecnlar weight of 
4-1 g caibon dioxide' 

32 g _ 0 .lO giaiii-molecular weight of 
04 g sulfur dioxide 

Theic aie l.wice as many moleculo.3 in 0 5 
of a giam-molei ulai weight as in 0 25 
The (ji am-jnoln itUu wi'iqlit of any substance 
i.s tlieiiumbei of giams ol (hat substance l.hat 
corre.siiond.s to the iiioli'ciilar weiglit 32 g 
of oxygen, 2 Old g ol hydrogen, and 2H g ot 
nitrogen Undei slandaid eoiiditions, tho 
gram-nioh'cnlai weight ol oxygen (32 g) 
occupies’ 22 1 lili'ns A gram-moleenlar 
weiglit of any othei gas, under the .same con- 
ditions, occiipu's Idle same vohiiiie, winch is 
called, theictorc, the gt arn-molcculai volume 

16. Mole and Mole-Volume 

The teim molai weighL and mole aie often 
used in place of gram-molecular weight. 


Thus, in speaking ol 32 g of oxygen we may 
U.SO the cxpres.sion one mole ol oxygen instead 
of one gram-molecular weight Similarly, we 
speak of the volume occupied by one mole ol 
a substance in its gaseous state as the gi ani- 
moleciilai, molar, m inole-volnme 

17 Calculation of the Gram-Molecular Weight 
from Laboratory Data 

In finding the mnlccnlai weight ol a gas it is 
not iiecessaiy to weigh 22 4 hteis ot the gas 
Neither is it necessaiy foi the volume that is 
weighed to be measnied at 0° and under a ptes- 
suie ot 7C0 mm We may find, toi example, that 
the volume of a rlcfimte quantity ol a gas, at 
20° C. and iindci a piessiiie of 720 mm , is 200 
ml , and that tho weight of this volume is 1 0 g 
'I'o (Ictennme tlio weight ol 22 4 liteis of the same 
gas undei staudanl conditions, the I’oliime a.s 
mcasuied at the obseived teinjieiatuie and pies- 
suie mu.st he collected fni the change to standaid 
conditions If the gas is collected ovei watei, 
an additional coirection must be made m the 
usual maimci foi tho vapor pi cssui o of watei Poi 
llio sample of gas desciibed above, tho volume is 
200 ml , the tempoiatiiie is 20° C , and the pie.s- 
suic is 720 mm d'he volume of the same samiile 
uiidei standard conihtions can bo calculated as 
iollows 

Volume (staiulai il) = 

200 X 273, 293 X 720/700 = 176 54 ml 

(If the gas IS eollorted ovei watei, the aqueous 
vapoi piossuio of 17 5 mm must be subti acted 
fiom 720 mm licfoio making the above calcula- 
tions ) 

The weight ot 17G 54 ml of the gas undoi 
standaid conditions is 1 0 g , since the weight is 
the same at all tempeiatuics and under all pies- 
suies, provided that none of the substance is 
lemoved niid no moio added The iiurnboi of 
moleeuies also lemauis the ''anio undei all con- 
ditions, unles,s moleeuies aio added oi lemoved 
Now that the weight of 170 54 nil of the gas is 
known, the calculation of the weight of 22 4 
liters IS a leiy simple mallei the weight of 22 4 
liteis will be as many times 1 0 g as 22 4 hteis 
IS time.s 176 64 ml. 

22 4 hteis = 22,400 ml 
22,400/176.54 X 1 0 = 126 8 g 
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The weight of 22 4 hteis of the gas undei standaid 
cnriditions is 120 8 g This is the giam-molecular 
weight of the gas, and the numbei 120 8 lepie- 
seiits the weight of a molecule as compaied to 
the weight of a molecule of oxygen on a scale in 
which the latter is lepresented by the number 32 

18. Molecular Weights of Liquids and Solids 

The method descubed foi tlie deteimma- 
tion of the moleculai weights of gases cannot 
be applied to substances in then liquid or 
solid states If a solid or a liquid can be 
vapoiizcd, the weight of a definite volume, 
measured at any temperatuie and pressure, 
can be employed to calculate the weight of 
22 4 liters of the vapoi undei standard con- 
ditions Since the weight does not change 
when the vapoi is conveited into the liquid 
or solid states, oi vice veisa, and since the 
numbei of molecules of many substances can 
be assumed to lemam the same duung the 
transition fiom one state to another, the 
molecular weight of the suljstance in the 
vapor state can frequently be taken also as 
the molecular weight oi the substance in its 
liquid 01 solid states But this is not always 
tiue Tlieie aie substances that arc com- 
posed of one type of molecule in the vapor 
state and of another kind in tho liquid or 
solid state Tuitheimoie, the complexity of 
the molecule may vaiy with the tempeiatuie 
foi the same state Thus, at tempciatiues 
slightly above the boiling point of hquid 
sullui, sullui vapoi exists as molecules con- 
taining eight atoms of sullui (Ss), while at 
highei tempeiatuies, moluculos of Sj pre- 
dominate Similaily, watei viipoi, and also 
the liquid undei incieased piessuie at tein- 
peiatuies above 100° C , appeals to be com- 
posed of simple molecules (H 2 O), consisting 
of two atoms of hydrogen and one of oxygen 
At lower terapeiatuies, the molecules appear 
to be (H20)2 01 (HjOla If (H20)> molecules 
replace HoO molecules m water, the number 
of molecules is icduccd one half, but the 
molecular weight is twice as huge, since the 
total weight loinams the same 

Many substances cannot be obtained con- 


veniently, and some not at all, in the gaseous 
state. To deteimine the relative weights of 
the molecules of these substances, other 
methods must be employed If the sub- 
.stanoe dissolves in water, or in some other 
solvent, the moleculai weight can bo de- 
teimmed by studying the elfect of a given 
weight of the substance upon the properties 
of a fixed weight of the substance in which it 
dissolves The propeities usually studied 
foi tins purpose aie the boiling and fieezmg 
points of the hciuid that acts as the solvent 

The boiling point ol the solvent is raised, 
and the fieezmg point is loweied by the sub- 
stance that dissolves, and the effect depends 
upon the numbei of molecules added to a 
definite quantity of the solvent The effect 
IS the same for the same numbei of mole- 
cules of diffei eut substances A gram-molec- 
ulai weight contains the same number of 
molecules, whatever the substance may be 
so long as it is a substance composed of mole- 
cules Hence, when a gram-molecular weight 
of any substance is added to 1000 g of a 
certain solvent, such as watei, the fieezmg 
point and the boiling point should always be 
affected to the same extent by diffeient sub- 
stances 

A method by which moleculai weights can be 
detei mined by tho use of this pnnciple is de- 
sciibed below It can be used only when theie is 
no change, siioh as a leaction between the dis- 
solved substance and the solvent, that alteis the 
total numbei of molecules And it can be used 
only to determine the moleculai weights of sub- 
stances composed of molecules — not ions It 
cannot be ajiplied to the solution of sodium clilo- 
iide (Na+ 4 - Cl~) 01 any othei ionic compound 
The solution of ^odmm chlniidc contains two 
kinds of paiticles, Na+ and Cl“, and each of 
these has the same ellect upon the piopeitics of 
the .Solution as a molecule 

19 Molecular Weights by the Boiling and 
Freezing Point Methods 

Foi aqueous solutions, one giam-molecular 
weight of cane sugar, foi example, dissolved 
in 1000 g of water laises the boiling point of 
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water to 100 53° C , and lowera the fieezing 
point to - 1 80° 0. Now, if we wish to 
deteimine the molecnilar weight of sonae 
other substanee that ih also soluble in water, 
we may proceed upon the liasis that the 
weight of the sulisl-anee winch, when dis- 
solved in 1000 g. of water, also lowers the 
fieezing point of the water —1 80° and ele- 
vates the boiling iioml, 0 53° is the inolceulai 
weight (in grams) 

Let us say that 10 g, of substancp X dissolved 
ui 100 g of watei loweis the fieuziug point of the 
water fiom 0° to —0 4()° C Tjet Af icpicseiit the 
gram-moleuiilai weight of A' Then 

10 g of X m 100 g of water lowers f p 0 40°, or 

100 g. of X m 1000 g of water lowers f i> 0 40° 

U g. of X in 1000 g of watei loweis f p I 80° 

100 g of X loweis the fiee/ing point of water 

0 40/1 80 as tnueh as M g of A' 

Therefoie, 

M = ~ X 100 g = 404 4 g 
0 4() 

This method assumes that theie is no ehoiiueal le- 
aotion lietweeu tlie water and the substance 
dissolved in it and that tlio solution is a siuiiile 
mixture of the indeiieiident molcCLiles of the 
two substaiiees Sinee tins eoudition is seldom, 
if ever, attamod m au actual solution, the dc- 
teimmation of inoleeiilai weights liy this method 
IS subject to at least small souices of enoi It 
may be used, howevei, to decide whethei the 
simplest possilile loinuila of a substance, oi some 
otliei, is the actual loiinula Thus the method 
shows that tlio moleeiihii vveiglit of glucose (an- 
otlioi Migai) is soniewlieie neai 181) and not 300 
This mdicales eleaily, tlieiefoie, tliat the coiiect 
formula of glueose is CliilbaOn and not Ci«ll 2 ifh 2 
The same inelliod can he used to determine the 
molceular weight of suhslauees tliat aic not solu- 
ble ill watei, if some othei solvent can be used 
Thus, the niolei iilai weight of iiajilithaleno (moth- 
balls) can he deieimmed liy finding the cllect of a 
definite weight of this sulistanee upon the fieez- 
ing point of a dehnite weight (1000 giams) of 
benzene Of com so, the loweiing pioduced liy a 
grain-moleculai weight ol the dissolved substance 
upon the fieezmg point of 1000 giams of benzene 


must be used, instead of 1 86° for aqueous solu- 
tions. Tins value for benzene is 4 9°. 

20 Determination of Molecular Weights from 
the Formulas of Compounds 

If we know the fonnula of a compound, 
we can calculate its molecular weight cls the 
sum of the atomic weights of the elements 
In finding the sum, each atomic weight must 
be considered as many tunes as the atom of 
the element is represented in the formula 
Thus, the formula for sucrose (cane sugai) 
IS Gi 2 H 220 n and the molecular weight is‘ 

(12 X 12) + (22 X 1 008) + (11 X 16) = 342 18 

21, Avogadro’s Number 

The number of molecules in one gram- 
molecular weight is the same for all sub- 
stances composed of molecules, it is called 
Avogadio’s number and can be determined 
by several mdii ect methods Molecules can- 
not be counted directly, of couree, because 
they are not visible, and even if they were 
visible, they .still could not be counted one 
by one, because the numbei in a gram-molec- 
uhu weight is too groat The value of Avo- 
gadro’s numbci now geneially accepted is 
() 0228 X 10“ or 602,280,000,000,000,000,- 
000,000 In futuie refeiences to Avo- 
gadro’s number we shall use the value of 
6 023 X 10^3 

The student may look somewhat suspi- 
ciously upon a value so large, especially since 
it concerns a thing so intangible and so small 
as a molecule Later (Chapter 18), we shall 
dcHCiibe one of the methods by which this 
mmibci can be calculated 


Nitrogen 


Oxygen 

28 grams 


32 grams 

1 g. mol wt 


1 g mol wt. 

6 023x10^“ molecules 


6 023 X 10=“ molecules 

0°0. 


0°0. 

760 mm pressure 


760 mm pressure 


Figure 7T. A Comparison of 22 4 Liters Each of 
Nitrogen and Oxygen 
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Review Exercises 

1. State Gay-Lussac’s law of combining volumes 
and explain, the statement by means of ap- 
propriate lUustiations 

2, What are the propoitions of the volumes of 
gases involved in the following reactions? 
(EecaU that the same number of molecules 
occupy the same volume ) 

S H- 02 — >- SO 2 , all except S are gases 

CrHjo + 11 Oa — > 7 CO 2 -h 8 HjO , 

all substances in the gaseous state. 

3 Fe + 4 HjO — FejOi -f 4 Hj, 

Fe and FesOi are solids 

3 What explanation is offered for the reaction 
of two volumes of hydrogen with one volume 
of oxygen to foim only two volumes of water 
vapor? 

4 What important assumption was originally 
made in arriving at this explanation? 

5 Usmg this assumption, explain the volume 
relations m the reaction of (1) hydrogen 
and chlorine and (2) hydrogen and mtrogeii 

6 Show how Avogadro’s law makes possible a 
method of determining the molecular weights 
of gases 

7 How IS a molecule of hydrogen 01 clilonne 
different fiom an atom of these elements? 

8 By what Ime of reasomng do we conclude that 
a molecule of hydrogen contains at least two 
atoms? 

9 How can we show that a molecule of oxygen 
contains two atoms, and that two atonu. of 
hydiogen react with one atom of oxygen to 
form wateii’ 

10 ’ilTiat is the meaning of the teim molecular 
weight as applied to an element or a com- 
pound? Why IS 22.4 hters, lather than some 
other volume, used in determining the 
molecular weights of gases'" 

11 Starting with the weight of any volume ol a 
puie gas at any pressuie and temperature, 
sliow how you would calculate the moleculai 
weight. 

12 How can the moleculai weights of some 
liquids and solids be deteimmed? 


13 Define Avogadro's number. 

14 A hter (under standard conditions) of cacti of 
three gases weighs 0 178, 2 85, and 6 87 grams, 
respectively. Calculate the molecular weights 
of the three gases 

15 The density of a gas as compared to air 
(under standard conditions) is 2 45, Calcu- 
late the molecular weight of the gas 

16 A sample of hydrogen sulfide, HsS, occupies 
643 ml at a certain tempeiature and pressuie 
and weighs 0 952 g, "V^at is the moleculai 
weight of another gas if 2 105 g of it occupies 
1422 ml , at the same tempeiatuie and pies- 
bure? 

17 Calculate the moleculai weights of compounds 
having the Mowing foimulas ethyl alcohol, 
C 2 HBOH, carbon tetrachloride, COL, am- 
monia, NHs, toluene, CjHjCHj, and glucose, 
C 11 H 12 O 0 

18 What would the gram-molecular volume of 
gaseous substances be if the molecular weight 
of oxygen were arbitrarily fixed as 60 instead 
of 32? 

19. What IS the weight of 22 4 (standaid) liteis 
of CS 2 ? Ot 10 litcis? (Considei the gaseous 
state of CS 2 ) 

20 l¥hat (standaid) volume would 20 g of cai- 
boii disulfide, CS 2 , vapoi occupy? 

References for Further Reading 

Cannizzaio, S , Sketch oj a Course in Natural 
Philosophy Alembic Club Reprint, No 18, 
Rdinburgh E and S Livingstone, 1858 
D.rlton, J, J Gay-Lussac, and A Avogadiu, 
Foundations oj the Molecular Theorij Alem- 
bic Club Reprint, No 4, Edmbuigh, E S 
Livingstone, 1808 

Moore, F. J , History of Chemistry, chap. VIII 
Tilden, Sir W. A , Famous Chemists, pp 116, 
170, 174 New Yoik E, P. Dutton and 
Company, 1921 (Gay-Lussac, Avogaclin, 
and Cannizzaio ) 

Avogadio’b Numbei J. Chem Fjd , 6, 299 
(1929) 

Cannizzaio's Woik J Chem Ed , 3, 1361 
(1926), 4, 7, 836 (1927) 



10 


ATOMIC WEIGHTS AND 
COMBINING CAPACITY 


I demand of every chemical prineiple that it 
agree with the sum lotnl of chemical theory 
and be capable of tntnrpoudion therewith 
Otherwise I must reject it until such time as 
UKonlcstable cndence in its favor males 
it neeessarii to recast the entire system 

BEnZELlCJS 


1. Introduction 

Now lihiil wo have' h'aniod liow molecular 
weights aiG (leLevauiioil, wo .shall turn oiu 
atliOntioii to atoimc w('ight.s Kinst, two ap- 
pioxiiuate mol, hods will ho discussod, and 
latei the luore oxact and inoro gi'iioially used 
method will ho explained As \sc study this 
chaptei, we should kooii in inind oui defini- 
tion ol an atom as tlu' siualh'st iiaitich' of 
an eleineiit that takes inirt iii a cheiuical 
change This means, then, that the smallest 
weight of the eleinrnl found in the molernlai 
weight of any of the (onijmnuds of the elements 
should he Lhc aUnmi weight Since atoiim can- 
not be weighed mdividuallv, we must con- 
tinue to cxpicss (heir lolative uoights by 
compaimg them with the weight ol an atom 
ol oxygen 

We. shall also stiidv dilleieiiees m th(> lom- 
bimng capaeilies ol tlie atoms ol dilfcioiit 
elements and methods by which they can he 
determined dins .subject has picviously 
been coiisidoied (page 58) lioin the point 
of view ol the .stiuetuios of atoms Oui con- 
cern with the subject in this chajitci has to do 
with chemical methods of determining val- 
ence numbers These methods weie in use 
long befoie anything at all was known about 


the stiLictmes ol atom.s, and they are still 

01 vast impoitance to the chemist. 

DETERMINATIONS OF ATOMIC WEIGHTS 

2 Method Based upon the Principle of Dulong 

and Petit 

One of the eailiest methods of determining 
the atomic weights of the elements was 
suggested by Dulong and Petit in 1818 
'Pheir method piovided only an approxima- 
tion of the actual atomic weight and was used 
jinmanly to deteiinine wliicli ot the difleient 
values leprescnted by the combining pio- 
portions (by weight) of an element appeared 
to be the best choice for the atomic weighf, 
I'lic combining piojiorlions ol magnesium, 
foi example, show (page 42) that the atomic 
weight, as compaicd with 16 lor oxygen, 
.slionld be (appioximately) 24 or some mill 
tijile or sub-multiple ol 24, e g , 48, 72, 12, G, 
and so on By the procedure now to be de 
scribed, it can be shown that 24, rathei than 
any of the other numbers mentioned, i.s the 
real atomic weight of magnesium. 

Dulong and Petit pointed out that the 
pioduct of the atomic weight ot an element 
w the solid state multiplied by the specific 
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heat of the substance is approximately the 
same foi all elements This product is usu- 
ally between 6 and 7, and the average is 6.4 


Klement 

Atomic 

iSpecific 

Product 

Atomic 

Weight 

Heat 

WeightX 

Sodium 

23 

0 29 

Specific Heat 
67 

Magnesium 

24 3 

0 245 

60 

Phosphorus 

31 

0 20 

62 

Iron 

55 8 

0 112 

63 

Gold 

197 2 

0 032 

63 

Mercury (solid) 

200 6 

0 0335 

67 


The specific heat of a substance is defined as the 
quantity of heat (in caloiies) lequiied to raise 
the tempeiature of one gram of the substance one 
degree (C.) A caloiie is defined as the quantity 
of heat required to laise the tempoiatiiic of 1 g 
of water 1° C. 

Atomic weight X specific heat = 64 

Atomic weight = 6 4/specific heat 

If the specific heat of a solid element is 
known, the approximate atomic weight can 
be calculated in the mannei indicated by the 
above equation The value so obtained is 
not the actual atomic weight A more ac- 
curate value may be obtained by selecting 
from the different weights that represent the 
combining proportions of the element (on 
the basis of 16 parts of oxygen) that weight 
which is ncaiest the value calculated from 
the specific heat Thus, for coppei we find 
that both 63 6 and 127.2 parts of this element 
combine with 16 paits of oxygen The 
specific beat of coppei is 0 095 

Hence, 6 4/0.095 = 67 3 

Since 67 3 IS much neaier 63 6 than 127 2, 
there can be little doubt that 63 6 is the 
actual value of the atomic weight of coppei 
We conclude, theiefoie, that 63 6 grams of 
copper contains the same number of atoms 
as 16 giams of oxygen To make the oxide, 
in which the combining weights arc in the 
ratio of 63 6 to 16, one atom each of copper 
and oxygen combine In the othei oxide, 
two atoms of copper must combine with 
one of oxygen 


COMBINING CAPACITY 

3 Method Involving the Analysis of Gram- 
Molecular Weights of Compounds of the 
Element 

A more general method of determining 
atomic weights depends upon deteimina- 
tions of the molcculai weights of different 
compounds of the element We have defined 
an atom as the smallest poition of an ele- 
ment that paiticipatas in a chemical reac- 
tion, and we have found evidence to indicate 
that a molecule of a compound contains one 
01 moie atoms of each of its constituent ele- 
ments Theiefore, it is evident that a gram- 
molecvlai weight of any compound of an ele- 
ment contains one, two, three, or some whole 
number of gtam-aiomic weights of that element. 
If the smallest weight of an element ever found 
in a granMnolecular weight of any of its com- 
pounds can be dele) mined, this weight will 
be the giam-atomic weight of the element 

Hence tlus method involves the analysis 
of as many compounds of an element as 
possible, with the view of deteimining the 
weight of the element in a gram-molecular 
W'eight of each The different weights of the 
elements found m these analyses will be 
multiples of some i datively small weight, 
which is the atomic weight See Table 5 

As an example of the use of this method, let ns 
consider the atomic weight of chloiine The 
gram-molecular weights of seveial compounds of 
this element, and the numbei of giams of chlorine 
mono giam-moleculai weight of each, are shown 
m the table below 

Composition of Compounds of Ouloiiine 



Molecular 

Wt of Cl 111 

Compounds 

Weight 

Molecular 

Hydrogen chloride 

(grama) 

Wt (gi.ams) 

30 468 

35 46 

Chloiiiic dioxide 

67 46 

35 46 

Phosphorus trichloride 

137 41 

106 38 

Carbon tetrachloride 

153 84 

141 84 

Phospliorus pentnc blonde 

208 33 

177 30 

Mercurous ohloiide 

472 12 

70 92 

Mci curio chloncle 

271 52 

70 92 


An inspection of the weights of chloime (third 
column) reveals that they are eithei 35 46 g. or 



TABLE 5 


Determinalion of Atomic Weights 


Substance 

Molecular 

Weight 

Weight of Element m Molecular Weight of Compound 
(grams) 

Formula 

(grams) 

0 

H 

Cl 

S 

P 

C 

Hg 

pound 

Mercurous 

chloride 

472.12 



70.92 




401 2 

Hg.Cl2 

Mercuric 

chloride 

271.52 



70 92 




200.6 

HgCb 

Oxygen 

32 

32 







O 2 

Water 

18016 

16 

2016 






H 2 O 

Carbon 

dioxide 

44 

32 





12 


n 

0 

Carbon 

monoxide 

28 

16 





12 


CO 

Hydrogen 

chloride 

36 468 


1 008 

35 46 





HCI 

Phosphorus 

trichloride 

13741 



106 38 


31 03 



PCI 3 

Phosphorus 

pentoxide 

284 12 

160 




124 12 



PiOio 

Methane 

16 032 


4 032 




12 


CHi 

Carbonyl 

chloride 

98 92 

16 


70 92 



12 


COClj 

Carbon 

disulfide 

76 




64 


12 


CS. 

Chlorine 

70 92 








CI 2 

Sulfur 

dioxide 

64 

32 



32 




SO. 

Sulfur oxy- 
chloride 

1 18 92 

16 


70 92 

32 




SOCI 2 

Acetylene 

26016 


2 016 




24 


C,H.2 

Ethane 

30 048 


6 048 




24 


C^Ho 

Acetic acid 

60 032 

32 

4 032 




24 


C 2 H 1 O. 

Propane 

44 064 


8 064 




1 36 


CsHa 
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multiples of tMs quantity, 70.92, for example, 
IS 2 X 35 46 If the data aie sufiicient, we may 
conclude that 36 46 as the atomic weight of chlo- 
rine We cannot be centain that this number is 
correct until we have analyzed several other com- 
pounds of the element As a matter of fact, the 
weight of chlorine m gram-moleculai weights of 
all its known compounds is 35 46 g or a multiple 
of this quantity, which, therefore, can safely be 
regarded as the true giam-atomic weight 

Similarly, the analyses of carbon compounds 
show that the weight of carbon in the gram- 
molecular weight of any of these is 12 g or some 
multiple of 12 g,, hence, the atoime weight of 
carbon is 12 If the weight of carbon m the giam- 
molecular weight of some of its compounds had 
been found to be 18 or 30 g , we should have 
had to conclude that the atomic weight is moie 
likely 6 than 12 If 9 g of caibon weie found m a 
giam-molecular weight of some compound of this 
element, an atomic weight of 3 would be mdi- 
Gated All data, however, indicate that the real 
atomic weight of oaibon is 12 

Some elements do not form many com- 
pounds that are easy to make, to purify, and 
to study, hence, it is possible that, among the 
available compounds of such an element, 
theie may be none that contains just one 
gram-atomic weight in a gram-molecular 
weight, or one atom m a molecule If we 
should find, for example, that the molecular 
weights of compounds of element X contam 
42, 63, and 84 parts of X, and if no other 
data were available, we should not be justi- 
fied in concluding that the atomic weight of 
X IS the smallest weight (42), for 63 is not a 
multiple of 42 All of these weights are mul- 
tiples, however, of 21, hence, until fuither 
mfoimation was available, 21 would be ic- 
garded as a possible value foi the atomic 
weight 

4 Equivalent Weights of the Elements 

3^he methods alieady desciibed do not 
give accuiate values of the atomic weights 
The inaccuracy of the fiist of the, sc methods 
is apparent The .second is subject to souices 
of eiror in the calculation of molecular 
weights either from data involving the 


weights of definite volumes of gases or from 
data dealing with the freezing and boiling 
points of solutions 

A more accurate method involves the 
equivalent weights of the elements The 
giam-eqmvalent weight of an element is the 
weight of it that combines with 1 008 g of 
hydrogen oi the weight that can lake the place 
o/this quantity of hydrogen in a compound, 
it is the weight of the element that is equiva- 
lent m combining capacity to one gram-atomic 
weight of hydi ogen Thus, the gram-equiva- 
lent weight of oxygen is the weight — 8 g — 
that combines with 1 008 g of hydrogen 
Likewise, for chlounc in hydrogen chloride 
it is 36 46 g The equivalent weight of any 
other element can be calculated as the 
weight of it that combines with 8 g of oxy- 
gen 01 with 35 46 g of chloi me That weight 
of the element is equivalent to 1 008 g of 
hydrogen in its combining capacity — it 
combines with the sale weight of oxygen as 
1 008 g of hydrogen doo.s, and, in a sense, 
it takes the place of this quantity of hydi o- 
gen m compounds with othei elomenfis In 
general, the equivalent weight of an element 
is the weight of it that combines with the 
equivalent weight of any othoi element 
Equivalent weights, as a rule, can be de- 
termined with greater accuiacy than molocu- 
lai weights, because they involve only simple 
measurements of weight by means of the 
balance 

5 Atomic Weights from Equivalent Weights 
The punciple upon whicli this method de- 
pends may be explained a.s follow, s Let us 
remembci, fir,s1, ihat llu^ giam-cquivalenl 
weight of an element comlimcs with, oi 
takes the place of, one guim-atoinic; weight ol 
hydrogen Now one atom of liydiogen 
never combines with more than one- atom of 
anothei element, but one atom of .some de- 
ments conibinG.s wi Lli one of liydi ogen , for 
othei elements, one atom combinc.s with two 
of hydiogen; and foi othei.s, llnee or fom 
atoms of hydiogen are recpiued Thc.se 
differences aie illustrated in such compounds 
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as HCU, H 2 (), NHi), aiicl CIIIi Theiefore, for 
some olemonfs, such as chlonne, the equiva- 
lent weight is the same as the atomic weight, 
a whole atomic weight of clilormo is ie([iiiicd 
1,0 coniliinc with an iitomic wciglit of hydio- 
gen For oxygi'u, and certain other elements, 
the ecimvalent weight is one half the atomic 
weight, heciuisc a whole atomic weight of 
owgon coinl lines wit.h two atomic weights of 
hydrogen h'or mliogen in ammonia, NH3, 
the iHiiiivalent wc'ight is one third of the 
atomic w'Cight, and fm carbon in methane, 
CHi, it is one iouith We note, theiefoie, 
that the atomic -weight is etgial to the equiv- 
alent weight, m it IS (,w'o, throe, four, 01 some 
whole number 1, lines as great, in the com- 
pounds of some elementa, the atomic weight 
may be live, six, seven, 01 even, fm a few 
elements, eight times the equivalent weight 
Hence, 

atomic weight , , 

- — - - = a small, \vliolo number 

wiuivaleiit weight 

If the eiiuivalcnt weight and the number 
indicated in this equation are known, the 
exact atomic weight can be calculated by 
multiplying these two (luantitic.s, one by the 
other The numhci can bo determined by 
dividing the appiownalc atomic weight, as 
dotci mined by one of the methods first de- 
scribed, by the c([Uivalont weight and select- 
ing the wlwlr iiiimbci that is nearest the 
number tlius oiitaincd Thus, if the equiva- 
lent wuiglit of a hvpothetical element were 
iound to l)c 10, and the atomic, weight as 
loughly cahulated weie known to be 32, 

I, hen it would be evident that the cxwl 
atomic weight divided liy the equivalent 
weight should givo the numbci 3, and the 
only reason it doi's not, is that 32 is not the 
exact value oi the atomic weight To calcu- 
late the exact, value, we may now multiply 
the equivalent welglit, 10, by 3 which gives 
30 

6. An Example of the Calculation of an Exact 

Atomic Weight 

The calculation of the atomic weight of an 


element from its equivalent weight is illustrated 
by the following example We know that the 
atomic weight of sulfur is somewhere near 32 
fiom the fact that the weights of sulfur in the 
molecular weights of its compounds aie (approxi- 
mately) multiples of 32 The equivalent weight 
of hiilfur can be detei mined fiom its combination 
with any one of a numbei of elements. Wo find, 
foi example, that the combmmg ratio of sulfui 
and silvei is one part of sulfur to 6 73 paits of 
silver. Now the equivalent weight of silvei is 
107 88, since this weight (m giams) combines 
with 8 g of oxygen to form silvei oxide and with 
35 46 g of chlorine to form silvei chloride The 
weight of sulfur, therefore, that combines with an 
equivalent weight of silver is 

107 88/6 73 X 1 = 16 03 = 

the equivalent weight of sulfur 

Tlie equivalent weight (16 03) of sulfur is, theie- 
foie, one half of the atomic weight, which is al- 
leady known to be about 32 Hence, 

exact atomic weight of sulfur _ ^ 

Tolls 

The exact atomic weight = 16 03 X 2 = 32 06. 

COMBINING CAPACITY OR VALENCE 

In Clhapier 4 we discussed the combining 
capacities and the valence numbers of dif- 
ferent lands of atoms in relation to their 
structures At that time, it was stated that 
the valence numbei of an element depended 
upon the numbei of electrons that the atoms 
of that element lost, gained or shared in re- 
actions with the atoms of other elements 
However, the valence numbcis ot the ele- 
ments weio calculated from chemical data 
long before anything was known concerning 
atomic sti Lie Lures Indeed, information con- 
cerning valence contiibuted no small part 
to the woiking out ot theories concerning 
the ariangement of electrons in the different 
gioups, or levels, of the atom Chemical 
methods of calculating valence numbers are 
theiefore worthy of our consideration The 
stmctuie of an atom may be very useful in 
helping us to piedict the chemical behavior 
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Figure 72 Valence 

One cjramic weighi of carhon combines with two atomic weights of oxygen or four otomic weights of hydrogen. One 
atomic weight of oxygen combines with two atomic weights of hydrogen Refer now to Figure 73 


of that atom, but is not always enough, m 
itself, to enable us to find the number of 
electrons that a ohlonne atom shaies with 
oxygen in a paiticular compound, or to de- 
tennme whether the valence number of non 
in a compound in a test tube is +2 or +3 

7 Introduction 

In discussing the equivalent weights of 
the elements, we have pointed out that 
atomic weights of diffeicnt elements may 
combine with one, two, three, or foui atomic 
weights of hydiogen; in othei compounds, 
one atomic weight of an element may com- 
bine with as much oxygen, chlonne, or some 
other element as one, two, thiee, foui, or 
some other whole number (up to eight) of 
atomic weights of hydrogen The atoms of 
different elements, therefore, may possess 
different comhntng capacities, or valence 
numbets 

The valence of an element is expressed by 
a small, whole numbei The valence number 
of hydrogen is fixed aibitiaiily as 1 Since 
one atomic weight of chloime, in hydiogen 
chloiide, combines with an atomic weight of 
hydrogen, and since the atomic weights of 
all elements contiun the same number ot 
atoms, it is evident that one atom of chlonne 
combines with one atom ot hydrogen The 


clilonne atom in this compound has, there- 
fore, the same combining capacity as the 
atom of hydiogen, and the valence numbci 
of chlorine is one — the same as the valence 
of hydrogen 

8. The Valence Numbers of Carbon in Carbon 
Dioxide and of Nitrogen in Ammonia 
In carbon dioxide 12 g of carbon is com- 
bined with 32 g ot oxygen — one gram- 
atomic weight of caibon and two giam- 
atomio weights ot oxygen Since the gram- 
equivalent weight of oxygon is 8 g , that ot 
carbon must be 3 g , or one fourth of the 
atomic weight In this particular compound 
with oxygen, a whole atomic weight ot cai - 
bon has the same combining capacity as 



Figure 73 Valence 

One atom of carbon must combine with two otoms 
of oxygen or with four atoms of hydrogen One ofom 
of oxygen combines with two atoms of hydrogen Valence 
of hydrogen^!, valence of oxyg6n = 2, valence of 
carbon = 4 
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four atomic wcngliis ot hydrofoil; a mngle 
caibon aliOtn, t.luMcfcuc, corahinc.s with as 
much oxygon as imir aluniH of hydrogen 
As compared with 1 foi hydiogon, the va- 
lence numboi of cailmn in cailion diimdeisd 
In ammonia, NII.i, one aioinie weight ot 
nitiogen is coinluiK'd with tliii'e atoniio 
iveightH of hydrogim; lienee ono atom of 
nitrogen lias tlu' same eoniliimtig eapaeity 
as tliice atoms ol liydiogeii, and the, x'-alenec 
number of nitrogen in this eoiu|)ound is 3 

9, The Valence Numbers of Other Elements 
The valence nunibers of otiici elements 
can be calculated in a maiiiiei similar to 
that used for caibon, oxygen, nitrogen, and 
chlorine, The geneial (‘fiualion upon whieh 
these calculations aii' basml is 

aloirne weight 
valenee number - , , 

e([Ui\'alent wmght 

As cxplamc'd loi earbon, for examiile, the 
use of this etpuliion depetuls u[ion the fact 
that it allows us i,o calculate the mmilior of 
atomic weights of hwliogen that one atomic 
weight of an ('Icmeiit coiulmu's with or the 
number of aloimc weights oi hydrogmi to 
which one atomic weight of tlu' ('lenient ts 
equivalent in comlumug w ilh otlu'i elements 
By its use, tliereloie, we aie able to make a 
direct compaiisoii ot tlie comimiiug capacity 
of an atom ot any elenicrit with that of an 
atom ot hydiogcu 

SOME EXPERIMENTAL METHODS BY WHICH 
VALENCE NUMBERS ARE DETERMINED 

10 Valence Numbers of Metals in Their Com- 
pounds with Chlorine or Oxygen 
In coinpiiiing the valenee munbeis of dit- 
feient elements, we cannot socviie iiuhvidiial 
atoms for our experiments Instead wm must 
deal with an eijual numbei of aloims oi the 
different elements, and tins numlioi iiece-s- 
sanly must bo very large Since the atomic 
weights (usually expressed in giains) of all 
elements contain the same numbei of atoms, 


we may be assuiod that we are dealing with 
eiiiial numbers it we use the same iiiraiber of 
gram-atomic weights, or the same fraction of 
an atomic weight, of diffcient elements 
Thus, the giam-atomic weights of sodium, 
magnesium, and aluminum aie 23 g , 
24 32 g , and 27 g , respectively These 
wmights of the Lhioo elements contain the 
same number of atoms This is also tiuo foi 

10 X 23 g oi sodium, 10 X 21 32 g oi mag- 
nnsiiim, and 10 X 27 g oi aluminum, and lor 
01 of 23 g of .sodium, 0 1 ot 24 32 g of mag- 
nesium, and 0 1 of 27 g of aluminum. In 
fact, any weights of the.se three elements 
that are m the same jiroportion as their 
atomic w'Gights contain the same number of 
atoms 

Now none of tlicsc metals combine very 
leadily witli hydrogen to form hydride, s 

11 they me foimcd, the hydrides am un- 
stable, and hence am unsatisfactory sub- 
stances with xvlnch to work All of them do 
(“omhino readily, however, with chloimo 
and with oxygen Small weighed samples of 
the tluce metals — say 0 01 guun-atomie 
w'l'ight of each are allowed to road, in an 
atinosfihoie of pure chlorine oi oxygen 
Whwi the lead ions arc comjiloted, the 
weight of chlorine or oxygen with which 
each metal has combined can be delnimined 
by weighing the pioduets of the reactions 
and subtiuelmg the weights of the metals 
thoinselvcs We must then calculate from 
these lesults the weight of each metal that 
w'ould eombinc with a whole gram-atomic 
weight ot chloiino (35 TO g ) oi with 8 g ot 
oxygen, this will be the gmm-e,(iuivalent 
weight of till! metal Ibnally, wc must coni- 
jiare Ihe etiuivaleni weight with the atomic 
weight o! each metal in older to find the 
mimber ol atoms of hydrogen to winch ono 
atom ot each element is ecpuvalent in com- 
bining with cliknme or with oxygen 

The lesults .should show that the (appioxi- 
mate) eciuivalent weight of .sodium is 23, the 
same as the atomic weight, foi magnesium 
it IS 12 16, or one half of the atomic weight, 
and foi aluminum it is 9, or one thud of the 
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atomic weight Hence, m combining with 
chloniio or oxygen, 

One atom of sodium is equivalent to one atom of 
hydiogen. 

One atom of magnesium is eiiuivalent to two 
atoms of hydiogen 

One atom of aluminum is equivalent to three 
atoms of hydrogen 

The valence numbers of sodium, magnesium, 
and aluminum, thciefore, are 1, 2, and 3, re- 
spectively When the principles involved 
are cleaily understood, the same lesults can 
be secured more quickly by dividing each 
atomic weight by the corieapondmg equiva- 
lent weight 

1 1 . Determination of the Valence Numbers of 
Metals by Displacement of Hydrogen from 
Acids 

Although the thiee metals used m the experi- 
ment just described do not combine icadily with 
hydrogen, we can compaie their combining ca- 
pacities directly with that of hydiogen m another 
manner. All of these metals ai e above hydrogen 
in the activity, or eleetrooliemioal, senes, and 
hence they displace hydrogen (page 107) fiom 
aeids, such as hydioebloric, HCl, and sulfuiic, 
HjSOi Instead of determining the numbei of 
liydrogen atoms with which one atom of each 
metal combines, it is possible to detemime the 
numbei of hydrogen atoms that one atom of 
each metal replaces in i eacting with an acid This 
method will also show, therefoie, the number of 
hydrogen atoms to which one atom of a metal is 
equivalent m combining capacity, As befoie, we 
must use weights of sodium, magnesium, and 
aluminum that are in the same proportion as 
their atonuo weights. The weights actually used 
m the experiment must be very small, since e\ en 
one gram of hydiogen, if libeiated m any of the 
reactions, would occupy a very large volume, a 
volume too laige to be measured conveniently 
Instead of u.smg gram-atumio weights of the thiee 
metals, therefore, let us use 0 23 g of sodium, 

0 243 g of magnesium, and 0 270 g of aluminum 
These weights of the metals are slipped beneath 
the mouths of three tubes which liave been filled 
with dilute hydiochloiic acid and inveited in 
vessels containing the same solution The hydi o- 
gen liberated m each tube displaces the solution 



Figure 74 The Displacemenf of Hydrogen from 
Hycfrotfhlorie Acid by Sodium (A), Magnesium (B), and 
Aluminum (C) 

and is collected m the upper part of the tube 
(Figure 74) The lelative capacities of the three 
metals to replace hydrogen, and hence then 
valence numbers, can be determined by compar- 
ing the volumes of hydrogen that collect m the 
thiee tubes These volumes aio in the order of 
1, 2, and 3 for sodium, magnesium, and alumi- 
num, respectively Equal volumes of hydiogen 
(undei the same conditions) contain the same 
numbei of molecules, and also the same numbei 
of atoms It is evident, theiefore, that the 
numbeis of hydrogen atoms replaced by single 
atoms of the three metals aie also in the older 
of 1 for sodium, 2 for magnesium, and 3 for alumi- 
num This does not mean, necessarily, that one 
atom of .sodium leplaces one atom, of hydrogen, 
one atom of magnesium replaces two atoms ul 
hydrogen, and one atom of aluminum three 
atoms of hydrogen To verify these i eplaccment 
values, it is necessary to convert the volumes 
of hydrogen drsplaced m the thiee tubes into 
iveigMs of hydiogen, and then to compare those 
weights with the atomic weight of hydiogen 
When this is done the weights of hydiogen aie 
iound to he (appioximately) 

0 01 g of hydrogen for 0 230 g of sodium, 

0 02 g of hydrogen for 0 243 g of magnesium, 

0 03 g of hydrogen for 0 270 g of aluminum 

If gram-atomic weights of the metals had been 
used in the expeiiment, approximately 1, 2, and 
3 g of hydiogen would have been libezated in the 
thiee leaotions Since 1 g (more exactly 1 008 g ) 
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of hydiosen contains the saino nnmhei of atoms 
as 23 g of sodium, 24 32 g of magiu'smm, and 
27 g of aluminum, it is evident, tliciefoie that 

1 atom of sodium replaces I atom of hydrogen 
1 atom of magneBunn replaces 2 atoms of hydrogen 
1 atom of alunnmim leplaees 3 atoms of Uydiogen 

DIFFERENT VALENCE NUMBERS OF AN 
ELEMENT 

At one tiiiiG, it was helievocl that the va- 
lence niimbei of any elGment is always the 
same This idea pioliably was based iiptui 
Dalton’s belief that all of the atoms of an 
element were identical m every u'siieet 

The fact that two elements may forni more 
than one compound, howevoi, means that 
one of these olemeiils lias (lilferc'nt oiiuiva- 
lent weights m (fie.so (ionipounds The 
Bciuivalont weight ol sultui in h is 8 , in S( )j 
it is b]4, and m T-T.jS il, is Ki. In the five 
oxides of nitrogen (pag(‘ 811), tlii' eiiuivalent 
weights of lutrogon aui 1 1, 7, l^.j, anil 
loapectively. C'arlion forms two oMiles, 
00 and ('Oj lion loniis eonipouiid.s in 
which its valence nuiiilun is 2 and otlieis m 
which its valence nuuibci is 3 Manganese 
has five dilfeient valence iiumlieis 2 , 3 , 1 , 0 , 
and 7 Siimlai vunations occur for many 
other elements, sueli as phosphorus, ehloime, 
biomme, iodine, chromium, meieiiiy, tin, 
lead, and coppei On the othei hand, seveial 
elements display only one valence number 
Among these arc sodium, potassium, calcium, 
aluminum, and magnesium 

Each elcnient lornis as many differont 
classes of coiiiiiounds as it has valence niim- 
beis In order that tlio comiiounds of one 
class may bo cluinged into tlioso of anotlier, 
the valence of the element must lie changed; 
that is, the eloment must be oxidized oi re- 
duced The eomiinurids of one class, how- 
ever, aie usually closely related and can he 
changed one into anothei by simple reac- 
tions such as double decomposition For 
example, all tlie soIuItIc comtiounds of Ici- 
lous iron (valence number, 2 ) react with 
sodium hydioxide to form white fenous hy- 


droxide, Pe(OH) 2 , and with potassium fern- 
cyanidc, K 3 Fe(CN)G, to form a dark blue 
piccipitate of Fe 3 (Fe(CN) 6)2 Feme com- 
pounds, m which the valence number of iron 
IS 3, icact with sodium hydroxide to foiin 
red feme hydroxide, Fe(OH) 3 , and with 
potassium /err ocyanide, KiFe(GN) 6 , to form 
a blue precipitate of Fed(Fe((lN)u)'i 
The suflixcs -ous and -ic are used to dis- 
tinguish between two classes of compounds 
in which a metal has two valence numbers 
Wc should not speak of iron chloride or 
mercury siilhde, ior example, siuce these 
names do not designate any specific sub- 
stance But when wc use ilie term ferrous 
chlntide, it is at once clear that we mean 
FeCb and not FeClb Similaily, we must 
speak of meicuroiis sulfide, Hg 2 S, or mer- 
curic sulfide, HgS The suffixes -ous and -ic 
SCI VC very well foi compounds of the metals 
— sulfides, chloiides, sullates, nitiates, and 
80 on, since the metal scltlom has raoi e than 
two valence numlieis in such compounds 
In the oxides and other compounds of the 
nou-inc tills there is a greater variation m 
valence, four valence numbei's of e,hkmnc 
aie icprescnted in the oxygen compounds of 
tliat element, NaClO, NaC 102 , NaClOa, and 
NaGlO^ Hie tonmnology employed foi 
compounds such as these will be discussed 
on page IGO 

Review Exercises 

1 The specific heat of a solid element is 0 032 
Calculate the atomic weight of this element 
by applying the method of Dulong and Petit 

2 I'Toiii the data onntaiiied in the table on 
jiagc 131, select the appioximiUe nlomic 
weight of each of the elements m the list. 

3 Dcfino equivalent weight and explain Imw 
the equivalent and atomic weights can be 
used to detci mine the valence mimbeis of the 
elements 

4 Dcsciilic a method o( determining tlie aceu- 
latc values of atomic weights, 

5 The approximate atomic weight of the metal 
X appeals to be 68 Experiment shows that 
1 giam of X combine, s with 1.2084 giam.s of 
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chlorine What is the actual atomic weight 
of X? 

6 A compound containing phosphorus and 
chlorine is composed of 22 5 pei cent of phos- 
phoius The moleculai weight of the com- 
pound is 137 5 g Wliat IS the valence number 
of phosphorus in this compound and what is 
the formula of its cliloiide? 

7. The peicentage compositions of two oxides 
of chromium are 

(l)Cr 52% (2)Cr 68 4% 

0 48% 0 31 6% 

(o) Calculate the equivalent weight of 
ehiomium in each compound. 

(6) Calculate the valence number of cluo- 
mium 111 each compound 
(c) The equivalent weight of chromium in 
(2) IS found, by a moie accurate detenni- 
nation than that indicated, to be 17 34 
Calculate the atonuc weight of the ele- 
ment 

S Calculate, from the foimulas, the weight of 
1 litei (standaid conditions) of each of the 
following gases hexane, acetylene, 

CjHj, ammonia, NHs; hydrogen sulfide, 
lijS, and sulfiii dioxide, SOj 

9 By reacting with hydiochlonc acid, 0 327 g 
of a metal displaces 112 0 ml of hydiogen 
(undei standard conditions) What is the 
valence number of the metal? The atomic 
weight of the metal is 65 4 

10 With what weight of oxygen will the same 
weight of the metal mentioned above eoin- 
bme? 

11 If Dalton s foimula foi watei, HO, weie cor- 
rect, what would be the valence mimbei of 
oxygenl* How do we know that the valence 
number of oxygen is 2? 

12 If the valence numbei of alummum is 3 and 
its atomic weight is 26 97, what (standaid) 
volume of hydrogen will be liberated when 
10 g of aluminum reacts with hydiochlonc 
acid? 

13 One gram-moleculai weight of a compound of 
element x and hydiogen contains one giam- 
atomic weight of x and one and one-half times 
as much hydrogen as is contained in a gram- 
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moleculai weight of water. What is the 
valence number of »? 

14 Gram-molecular weights of compounds of the 
hypothetical element B contain 21, 49, and 
70 grams, respectively, of E What is the 
laigest numboi that might be the atomic 
weight of E on the ba.sis of these data? How 
would youi answei be changed if analyses of 
other compounds showed 7, 10 5, and 35 
grams of E m gram-moleciilai weights of 
three compounds? 

15 Define atomic weight, equivalent weight, 
specific heat, valence, valence numbei of an 
element 

16 Which elements aie oxidized and which aie 
ledueed m the following reactions? 

Mg + H 2 O — >- MgO + hh 
2 FeCh 4- SnCIi — >- 2 PeCh + SnCh 
HjS 4- 12 — >- 2 III -f- fc) 

17 In terms of the changes m the valence num- 
bers of elements, define ( 1 ) oxidation and ( 2 ) 
reduction Explain by appiopiiate illustia- 
tions 

18 How aie valence numbei s of 1 for sodium, 2 
foi magnesium, and 3 for aiurmnum o\- 
plamed m teims of the stmetures of tlie three 
kinds of atoms? 

19 If the equivalent weight of a metal is one 
thud of the metal’s atomic weight, what 
(standard) volume of hydrogen will be lib- 
erated when one fourth of tlie gram-atomic 
weight of the metal reacts with hydiochlonc 
acid? 

20 The number of atoms of hydiogen with which 
one atom of an element will combine, or tlic 
number of hydiogen atoms that one atom of 
an element can leplaoe, can be calculated by 
dividing the element's atomic weiglit by its 
equivalent weight Why is tins tuie? 
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SYMBOLS, FORMULAS, 
AND EQUATIONS 


1. Introduction 

This chiiplci (‘\i)l!uns tlu' choim.sl’s lan- 
guage— llie lonmilius, and eqna- 

lions lhat, hon.^c^ in place ot words to cvpiess 
cedain facts conccining substances and the 
chemical changes in uhich Ihcv engage lie 
ii,sas Iheiu, not lo conceud his infoiination in 
Stonge and nnstical lonas as the alchemist 
did, hut because (luu aie simple and con- 
vometit lonus ul exiiression Wliciover 
clieimslry is disciissisl, we (ind tlii'in widely 
used, one must iindeisland lliem, Lheieloro, 
if one is lo iiiideislaiid tlie lilmalute of the 
scioiice 

2. Symbols of the Elements 

The symliols of the cdeuieuts aie Ihc ini- 
tial, s orabbievialion.s of llieir names, usually 
the J'inglish name is abbrei latcd, but some- 
times tlie Latin name is used, d’lius, If, O, 
Cl, N, Br, P, S, Al, Mg, and Ca arc the 
symliol.s lesiierlively of hydrogen, oxygen, 
clilorinc, mliogen, liiomuie, plawpliotus, 
sulfur, alumuium, luaguesiuiu, and caleiiim 
The symbol oi iron is he, which Is taken Irom 
the Latin word Jrrjiim 'The billowing .sym- 
bols also have Latin oiigin Au, Irom 
aunmi, for gold; Ag, Irom aiyoniitm, for 
silver; Pb, liom plnniluan, loi lead, Mn, horn 
sUmtLum, lor tin. Na and K, tlic .symbols of 
sodium and potassium, le.spectively, aie 
from the Geiman words naU lum and kahum 
Not only does the symbol lepiesent the cle- 
ment in general, but it indicate, s a very 
definite weight, of the element When we 
wnte Ha, for example, we refer to a giam- 


moleenhu weight (2 01(1 g ) The .symbol H 
refeis to one gram-atomic weight ol the 
element 

3. Formulas 

The composition oi a compound can be ex- 
pressed eonvomently by placing together the 
symbols of the elements that compose it 
Such a .statement of the compo.s]tion ot a 
eom|)(jund is called a formula The symbol 
of each element must o(‘cui as many times in 
the fonnula of the compound as theie are 
atomic weigh! s of the element m a moleculai 
weight of the compound, or — in otliei 
words -- as many times as there are atoms 
of the element in a molecule of the com- 
|)ound The number of atDm.s (unle,s,s that 
numbci is one) of an element oceuiimg in a 
molecule is indicated by a figure written as a 
subsciipt lielow and to the light of the 
symbol ol the element Thus, the foimula 
foi carbon dioxide, CO 2 , indicates that a 
molecule of caibon dioxide contains one 
atom of carbon and two atoms of oxygen 

The fonnula of a compound composed of 
violecides (page 57) states the following facts 
about the compound 

(1) The element, s of which it is composed 
OO 2 , foi example, is composed of caiboii 
and oxygen 

(2) The number of atoms of each element in a 
molecule of the compound The molecule 
CO 2 contains one atom of carbon and two of 
oxygen 

(3) The ratio of the weights of any two elements 
in the compound The compound CO 2 con- 
tains two atomic weights of oxygen for 
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each atomic weight of carbon, the ratio of 
the weights of the two elements is 32 to 12 
In glucose, CoHiaOe, the latio of the weights 
of caibon and oxygon is 72 to 96 
(4) The molecular weight of the compound 
This is numerically equal to the sum of the 
atomic weights of the constituent elements, 
each atomic weight being taken as many 
times as there are atoms of that element in 
a molecule of the compound 
The molecular weight of carbon dioxide, 
CO 2 , IS 12 + (2 X 16) = 44 

For compounds composed of 10 ns instead 
of molecules, the formula shows the relative 
number of each ion and the simplest com- 
plete set of 10 ns in the compound Thus, the 
formula Na'‘'Cl~ shows that for each sodium 
ion in sodium chloiide there is one chloiide 
ion There are no molecules of such com- 
pounds, but we sometimes relei to the rela- 
tive weight corresponding to the formula, 
e g , Na’^Cl", as the molecular weight, moie 
accurately, it is the formula weight The 
gram-foimula weight of sodium chloiide is 
23 + 35 46 = 58 46 g This weight of salt 
contains the same number of sodium and 
also the same numbei of chlonde 10 ns as 
theie are atoms of oxygen in 16 g of that 
element 
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The formula of a compound can be deiived 
if the folloiving information is available 
(1) the elements that compose the com- 
pound, (2) their atomic weights, and (3) the 
molecular weight and percentage composi- 
tion of the compound In the paragi'aphs 
that follow we shall show how this infoima- 
tion IS used to determine, fiist, the foimiila 
of a compound composed of molecules, in 
which atoms share electrons, and secondly, 
the foiTOula of a compound composed of 
ions In general, the method is the same 
for the deteimination of both formulas, 
except that the weight corresponding to the 
simplest possible formula, or complete set 


of ions, must be used for ionic compounds, 
instead of the molecular weight 

4. Derivation of the Formula of Water — a 

Compound Composed of Molecules 
When a compound is analyzed, the results 
are usually stated as the percentages of the 
different elements in the compound Per- 
centage means parts per bundled Hence, 
if we find that the peicentage of hydiogen 
in water is 11 19, this means that 11.19 g 
of every 100 g of water consists of hydiogen 
The peicentage of oxygen in water is 88 81 
Knowing the percentage composition of 
watei, we might write the statement, 
Hu wOsssi, to express the ratio of the weights 
of the two elements that combine The 
formula, however, must show the relative 
numbei of atoms of each element in the 
compound, it must show, for example, 
whether two atoms or only one atom of 
hydrogen combines with each atom of oxy- 
gen To obtain this information, we can 
divide the weights representing the per- 
centages of the diffeient elements by the 
atomic weights of the elements Thus, we 
divide 11 19 by 1 008 and 88 81 by 16 

11 19 = 11 10 = number of atomic weights of 
1,008 hydrogen m 100 paits at watei 

88.81 _ g gg _ numbei of atomic weights of 
16 oxygen in 100 paits of watei 

The formula might now be wntten as 
Hu loOs 66, or as Hu 10 x 1 oosOe 66 x 10 to shov 
that 11.10 atomic weights of hydrogen 
combine with 5 55 atomic weights of oxy- 
gen Since atomic weights of all elements 
contain the same number of atoms, this 
toimula also shows that atoms of hydrogen 
and oxygen ate combined in the ratio of 
11 10 to 5 55 

In a molecule of water the numbens of 
atoms of hydrogen and oxygen must be in 
a ratio of two small, whole numbers, such 
as one to one or two to one, and not 11 10 
to 5 55, molecules contain whole numbers of 
atoms, not fractions. Our problem, how- 
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ever, is alrnosL .solved We may reason a.s 
follow.s. 

Ilydiogen and oxygon atfim.s combine in tlic 
ratio of 11 10 to .'5 rio 

How many atoms of hydiogon combine with 
1 atom of oxygcni? 

The answer is - = 2 

The molc'culi' of watm', llu'K'fore, conlaiius 
two atoniH of hydrogiou for I'ach atom ol 
oxygen, and the foimula can bo wiitteii as 
HjO, 


5. Actual Molecular Formulas 

The foimula, lIjO, Mliich luus just been 
derived for watoi i.s tlu' siniidrsl [)o.s.sil)lo 
formula, it shows only the ratio m which 
the two kinds of atoms eomlnnc ami arc 
present in tho moksmlo However, tlio 
actual formula coiu'spoiidiup; to tlu' molecule 
of water uukUI Ik' IIiDu, II(,0,n etc , ui each 
of which, as in IlaO, then* aio two atoms ol 
hydrogen tor each alom of oxygen 

To deteruiine the loriuula actually lepic- 
scnting a molecule, it is iieee.ssary to know 
the molecular weiglil, of the substance For 
water in the vapor stale, tb(> grain-moleeular 
weight tho weight of 22 1 stamlaid hteis 
— 1.S 18,016 g The coirect molceular ioi- 
mula for watm, iheieloie, is II2O, lieeau.se 
18 016 IS the sum ol one atomic weight of 
oxygen (16) and tw'o atomio weights of 
hyfliogen (2 X 1 008) ff (ihc molecular 
weight had lieen found to be 86 032, tho 
foimula would liavo lieeii IIiOs; il 51048, 
the formula would have been floOi, and so 
on 

But lh(' fact llial, l.lu' foi'imila ol wal.ei, or 
of aimtluu , substance, is known loi tlie viipoi 
state does not moan tliat tho formula is the 
same for tho .substance m its luiuid and solid 
states The foimula H2O repiesonts the 
molecule of watci vapor, but there are in- 
dications of the existence of (H20)2 and 
(H20)3, or H4O2 and HoOj, molcculos m the 
hquid. 


6. Derivation of the Formula of Sodium Sulfate 
— a Compound Composed of Ions 
Let us determine, next, the foimula of a 
substance that is a little more complex than 
water and is composed of 10ns instead of 
molecules A certain compound is found, by 
analysis, to have the following composition 
sodium, 32. .38 pei cent, sullur, 22 57 per 
cent, and oxygon, 45 05 per cent These per- 
centages indicate that 100 g of the com- 
pound contains 32 38 g of sodium, 22 57 g 
of sulfur, and 45 05 g of oxygen 
Let us now divide the weights mentioned 
aliove by the atomic weights of the cor- 
responding elements 111 eider to determine 
the number of gram-atomic weights of each 
element that is present m 100 g of the com- 
jiound 


32 38 
23 


22 57 

= 1 408, — = 0 704; 

,45 05 

and = 2 816 

16 


Since tlieio are equal uumbers of atoms in 
equal niimliors of atomic weights, the atom.s 
of sodium, sulfur and oxygen mast be com- 
bined in this compound in the proportion of 
1 408, 0 704 and 2 816 Honeo foi each 
, , 1 408 

atom of sulbu there must be — — = 2 

0 704 


atoms of sodium and 


2 816 

— = 4 atom.s of 
0 704 


oxygen 

The .simplest foimula of this compound, 
theicfore, is Na2SOi, and its name is sodium 
sulfate It is composed of 10ns, 2Na'*‘-b 
HOi” The foimula that we have just de- 
iived coiiosponds to a comjilete set of 10ns, 
two of sodium for each sulfate ion 


7. Percentage Composition Calculated from the 
Formula 

Bmce the foimula shows the lelative num- 
bei of atomic weights of each element m the 
compound, it pi ovides all the data lequired 
foi the calculation of the peicentagc ol each 
element in the compound To find the per- 
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centage composition of sodium sulfate, for lar manner we can easily deteimine the 
example, we first add together the atomic formula of any oxide if we know the valence 
weights of sodium, sulfur, and oxygen, tak- number of the element that combines with 
ing the atomic weight of each as many tunes oxygen. Foi example, sodium has a valence 
as there are atoms of the element in the number of + 1 , and hence the formula lor 


formula of the compound. 

(2 X 23) + 32 + (4 X 16) = 142 

Of 142 g of the compound, 46 g is sodium, 
32 g IS sulfui, and 64 g is oxygen Then 
of 100 g of the compound, 

46/142 X 100 = 32 38 g of sodium, 

32/142 X 100 = 22 57 g of sulfur, 
and 64/142 X 100 = 45 05 g of oxygen 

Since pel centage means paits per hundred, 
the percentages of sodium, sulfur, and oxy- 
gen aic 32 28, 22 57, and 45 05, lespectively 

8 The Use of Volence Numbers in Writing 
Formulas 

The foimula of a compound is coiiectly 
expressed only when the sum of the valence 
numbers of those atoms or ions having posi- 
tive valence numbers equals the sum of the 
valence numbeis of those having negative 
numbeis Thus, m the formula of alumi- 
num oxide, AI 2 O 3 , the sum of the valence 
numbeis of the two atoms of aluminum 
is +G and that of the three atoms of oxy- 
gen lb —6 If this relation did not hold, 
the combining capacities ol the two kinds of 
atoms would not be balanced, and the toi- 
miila would not be coirect Since the 
valence number ot cliloiine is — 1 , thiee 
atoms of clilonne aie required to balance the 
combining capacity of one atom of alumi- 
num, and hence, the foimula of aluminum 
chloride is AICI3 Similatly, thiee atoms of 
chlorine are requiied foi each atom ol non 
m terric cliloride, FeCIa, but only two atoms 
of chlorine are requited pei atom ot iron 
in ferrous chloiide, FeC'h, m which iion’s 
valence number is -|-2 

The valence nuinbei of oxjrgen ls —2 
One atom of calcium which has a valence 
numlici of +2 leact.s with one atom ol oxy- 
gen to form calcium oxide, CaO In a siim- 


sodium oxide is NasO, because two sodium 
atoms are required to balance the combmuig 
capacity of one atom ot oxygen The foi- 
mulas of the oxides of magiiesium, lead, 
mcrcuiy, cadmium, and iron, m which the 
metals have a valence number of - 1 - 2 , aio 
MgO, PbO, HgO, CdO, and FeO, respec- 
tively The formulas ol the oxide, s ot ele- 
ments having other valence numliei.s aie il- 
lustiated by the following examplc.s m wliicli 
the valence numbers ot the clement, s combin- 
ing with oxygen are shown liy the numbeis 
placed above and to the light of the symbols 
of the elements Sd 'O 2 , (’r"''' 0 |, 

Ck+^Or, 

9. Compounds in which Valence Numbers Ap- 
pear to be Abnormal 

The valence number of an element or ol a 
radical is always a small, wholi' mmiliei 
Theie are some compounds, however, loi 
which the lulc does not ajipear to hold Foi 
example, the foimula foi inagiieLic non 
oxude IS usually written Fc 3 ()i, m winch 1 ,he 
valence number of non ajiiieius to l)r> 22 ^, 
this cannot, of course, be the tnu' v.ileme 
number. This compound piobably contains 
iron m two valence conditions, two oxudes, 
FeO and FezOs, are combined m tins com- 
pound, and iron has two valeneo numliers, 

2 and 3 The foimula, then, may be ic- 
garded as Fe(Fe 02)2 

Tlic valence numliei ol lead m led lead, I’luOi, 
also appeals to ho 2 ; 5 , but this, too, is 1111 ini- 
uhual compound, Its coinposition is piolmblv 
2 PbO PbOj, Ol PbzPbOi, in which the valence 
numbers of lead aie 2 and 4, lespei Lively In 
sodium poioxidc, Na^Oj, and m hydiogen pel ox- 
ide, HjOn, the valence numbet ol both sodium 
and hydiogen appeals to he 2, but is actually 
only 1 The stuictme ol hytlioguu peioxidc is 
probably 

H — 0 — 0 — 11 
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ItcontaiiiH tlio ()'• nidicfil, which, with ii valence 
niimhcr nf -11, UMiuirc-. twe ntnius nf hydiciRen 
Tlie Milcnco iiuiiihci of ciulioii in many oiRame 
ccimpound's must aWo he cviihimcd iii a siiniliu 
mania:), i <’•, m hmiim of ^.tiiu'tuic and tin* ai- 
lauRemcnt of atoiim witlim the molecnle. The 
foi'inula fm etliaiie, fot e\am|ile, is (IjIIo, Hus 
foimnla iiidieate- foi eaihon a \alenee nninhor 
fi[ 3 wliieh IS not in aeeoidiuiee with ofchei evi- 
dence cmieeiniim (lie valence of this eleinunl. 
The corieet vahmi e iiiiinhei foi eaihon is 1 , 
as hliown liy the aiiami;einent oi atoms in Iht 
etliane niolei ule 

II II 

1 I 

II (' (' II 

1 1 

ir II 

One of the salein e-mut- lone election) of oacl 
carhon atom unite, that atom to the otlier eaihon 
atom, till' olhei thiee unite eaihon and livdioRen 
Foiiniilas of this kind, whndi ,-how how atoms aie 
auanged within the nioleeiile as well as the iiiim- 
hei'of atoms of cm h (denieni, aie < ailed s/Mie/iimf 
fomulut 

10. The Valence Numbers of Radicals and Ions 
Iladieals ar<' Riouiis ot aloiuh Unit act 
logotlicr lus a iimt in imun < hmuieal changes 
Moiil (if the uulunh u'lth irhich ire iiii con- 
Bcnu'il (it IIki liiKc (Kc imis. I Imy ni’o loiiiid 

in lome eomiiouiids .sueli lUs eodiuiii .sulliile, 
NajSOi, and in iniueoiis solutions ol sueli 

suhstaiiees Many ol lliem .ue lonnd m 
acida, also In tin* pnio acids, the ladieals 
do not evisl , usiiidU . ae nnis , m eiillui le acid, 
loi ('xuinple, the two h\<lioReu atoms sliiiie 
olcetionis with two owgon nlonm of l.ho sul- 
fate radical, St )(, ami the whole stnielure, 
IIjSOi, Is a inoleeiile lalliei ihmi a grouj) 
of ioiin: 

<); _ 

II t) s .0.11 
o 

These groups ilo exist, at least in part, as 
ions m aiiueoiis solutions of acids Thus 
the sulfate group.s exist as loas in crystals 
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of metallic sulfates, like sodium sulfate 
(2 Na'' -f SOr), and m solutions of such 
compounds and also in solutions of sulfuric 
acid. 

In many of the reactions that involve sul- 
fune acid (liydiogen sulfate) oi any othei 
sulfate, such as sodium sulfate, the sulfate 
ion or ladieal i.s not changed, it is only tians- 
foricd from one compound to another For 
('vimplc, when a solution of sulfuric acid is 
mixed with a solution of banum hydroxide, 
the following leaction occurs 

(2 H' + SOr) + (Ba++ -1- 2 OH-) — >■ 

BaSOd 4- + 2 H 2 O 

Barium .sulfate, BaSO,, is only very slightly 
.soluble, and theiefore it precipitates The 
same substance is foimed when any soluble 
sulfate and any soluble banum salt (baiiura 
cliloiide, BaClsi, fui example) are mixed 
Ileiicc, the sulfate radical or ion has the same 
characleriHlics and valence number, regard- 
less of the compound from which it is do- 
rivcd: the propeities of the sulfate ion de- 
nved from sulfuric acid are the same as 
those of the ion liom sodium sulfate, mag- 
ni'sumi .sultiite, or any othci sulfate The 
same can be said for other radicals 
Kiticc one nitrate radical combines with 
one atom of hydrogen in nitric acid, it is 
I'Vident that its valence number is —1 
Similarly, the sulfate ladical (SO^) insulfuiic 
.icid (IbSOi) has a valence number of —2 
Till' phosphato radical (PO4) in phosphoiic 
acid (HjPOi) has a valence numbci of —3 
TTic lollowmg list contains the formulas and 
imines oi several acids and salts that contain 
ladicals The student is advised to inspect 
these with the view ol detcimining (Iroin 
the fonnulii) the valence numbei of each 
iTuliral, 

Hj ‘VsOa Aiaciiioua acid or hydrogen iiraenitp 

Nila Vsl), Rodium aiBenile 

lla iVaOi Arsenic acid or hydrogen arsenate 

Niij AaOi Sodium arsenate 

Il ClO Hvpochlorous acid 01 hydrogen 

hypochlorite 

Ca(C10)s Gall, mm hvriochlorite 
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nCIOj Chlorous aoid or hydrogen clilonte 

KClOi Potassium chlorite 

HClOs Chloiic acid or hydrogen chlorate 

Ba (0^3)2 Barium chlorate 

HClOi Perchloric acid or hydrogen 

porclilorate 

Iv ClOj Potassium perchlorate 

1 r 3P03 Phosphoric ai id or hydrogen 
phosphate 

AlTOj Aluminum phosphate 

K MnO i Potassium permanganate 

Na^CrOi Sodium chromate 

Na2C03 Sodium c arbonate 

0a( C;H80 2)i Calumm acetate 

Mg3 (POi )2 Magnesium phosphate 

All the radicals of the compounds listed 
above contain oxygen, but this is not tme 
of radicals in geneial The group (Fe(CN) 6 ), 
for example, acts as a radical 01 ion in po- 
tassium ferrocyamde (K 4 Fe(CN)o) Its va- 
lence number is obviously -4, since one 
radical combines with four atoms of potas- 
sium, each of which has a valence numbei of 
-hi Other radicals that do not contain 
oxygen are illustrated by the compounds 
below The student is advised to determine 
the valences of the radicals that aie under- 
lined 

Na3Fe(CN)o Sodium forricyamde 

NaiCQ( N02 )a Sodium cohaltie niLrit o 

NHj Cl Ammomum ohloiide 

(NHiliSOi Ammonium sulfate 

( NH< ) 3 tsSa Ammonium sulfoarseiiate 

K2PtCl_6 Potassium chloroplatinate 

Naj SiFs Sodium fluosihcate 

H BFt Fliiohoric acid or hydrogen 

fliioborate 

11. Explanation of the Valence Numbers of 
Radicals or Ions 

All hydroxides contain the hydioxyl 
group, OH In the hydroxides of the metals, 
such as sodium hydi oxide, NaOH, this 
group exists as the ion, OH~, in certain other 
compounds it is an uncharged radical The 
oxygon atom of this radical, or ion, has a 
valence number of — 2 , and the single hydro- 
gen atom’s number is -fl , hence, one valence 
numbei, or bond, of oxygen is unsatisfied in 


the group, which, therefore, must have a 
valence number of -1 The formulas of the 
hydroxides of univalent (valence number, 1) 
elements contain one hydroxyl group, e g , 
NaOH, AgOH The numbei of hydioxyl 
gioiips in the formulas of the hydroxides ol 
other elements varies with the valence miin- 
bem of these elements Ca(OH) 2 , Al(OH),i, 
Fe(OH) 2 , Fe(OH)3, Cu(OH )2 

The valence numbers of other radicals, or 
10 ns, can be explained in a similar mannei 
The sulfate ion of the metallic sulfates con- 
tains four atoms of oxygen, which have a 
total valence number of —8 What is the 
valence number of sulfur? We may answoi 
tins question by considering the comiTo.sifion 
of sulfuric acid and the method by which it 
IS formed from an oxide of sulfur (page 70) 
To determine the formula of this oxide, let 
us subtract from the foimula of the sulfuiic 
acid molecule, H2SO4, the foimulas of as 
many molecules of water as it is possible to 
obtam from a molecule of the acid, this is 
a single molecule since there aie only two 
atoms of hydrogen m a molecule of the acid 

H2SO4— J-HjO + SOs 
Since the formula of the oxide is SO3, the 
valence number of sulfur must be -|-6 This 
leaves, then, two oxygen-valences unsatis- 
fied in the SO 4 ladical and accounts for the 
valence number of —2 for this group Simi- 
laily, the valence number of nitrogen in the 
mtrate radical is -1-5, as can be shown from 
the formula of nitnc acid If the water (all 
the hydiogen and an equivalent amount o' 
oxygen) is lemoved from HNO3, NsOs is left, 

2 HNO3 — ^ H2O -\- N203 
Since the valence number of nitrogen is -|-5 
and the total valence number ol the thioe 
oxygen atoms in the mtrate group is —6, one 
oxygen-valence leinams unsatisfied The 
valence number of the mtrate radical, 
therefoie, is —1 

12. The Valence Numbers of Elements in Radi- 
cals and Ions 

Sometimes it is necessaiy to determine, 
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from the fonnuhi, the valciico numhor of the 
middle olcinent lus iiHUiillv Miilteu - m 
the formula of a compound f‘oii(ainin>!: a 
jnctal, a non-molal the Talr-iicc of winch \\i> 
aieto (loU'nmnc, ami o\V}j;('n; as an (‘vimidc, 
wc may refev again lo .sodimii sulliitc, 
NajSOi (W(* cannot 11 a' this nu'lhod for all 
compoundH; sci' iiagc I 12 I 'I'lu' valmici' 
numbcH' of aiilliir is c([unl to tlic ililTcicncc 
between the total \alcncc number ol the 
third clement (o\vg('n) and the total valence 
number of the (ii-st element tsodinm) Tins 
dillcicneo is 

(1 y 2) - (2 - 1| (i. 

The Mgn ol sullin’s videiue niimhcr is posi- 
tive, because the ])ositi\(' ami negative nnin- 
bem of tin' diricicnl olcuu'nls of the com- 
pound iniisl balance Since lout oxvgen 
atoniH together ba\e a \alence nuiubci ol 
-8 and two at 0111, s of , sodium a coinlnm'd 
valeiiee nnmbr'r of 12, .siillui’s vnli'iici' 
number IS 111 Inkew is(>, the \ alenee nnm- 
bn ol Millui in sodium sulfite, XasSO.i, is 
-I'l In trisodiuin pliospliale, Niiil’Oi, jihos- 
pliorus has n valence nuiiilier ot -l-r). The 
.student is mhised to (iiid, m a sunilar man- 
ner, the vnleuee numbeiN of llu' eli'mentH 
undeilined in Ibi' lollowiiig eomiioiinds 

Niio^O,, Iv}2n(),, KHO,, KHOt 

We ean aeconpilish llu' same lestills m a 
slightly diil’eient inannei In Na^SOi the 
valence numbei ol tin' St ),i ion is — 2 , us 
indi('al,ed b; tlie two loiis ot sodium u'quiK'd 
for each sullale 1011 111 tlie coinpouml 'flic 
four oxygen iiloiiis ol the sullale um bavi' a 
conibined valence miinlicr ol H, and sim'c 
the viilciici' mimbci ol the ion is only 2, 
the vak'm e mmil ici ol siillur must Im I tl. 

It IS (ifti'u idinciiicnl lo li(> able 1,0 ilclciniine 
qiiiekly the \alciicc iiumlicis of sudi cleniciits 
in the mannci indn ated 'I'lus is jiai ticularly 1111- 
pmtant m willing c(iu'itiinis foi icactioiis in 
which tlieso elcincnls umlcigo chiinges m valence 
For reactions m winch no changes of tins kind 
occui, the valence luunbei ol the ladical or ion 


is of gi eater impmtance than those of its con- 
stituent elements 

13 An Explanation of the Valence Numbers of 
Elements in Covalent or Molecular Com- 
pounds 

'Plu! (ixt)lanation of the valence number of 
an (‘loinont m compounds formed when the 
atoms of the element gain or lose election, s 
olTi'i's no dilhculty, it depends upon the 
niimhci ol electrons that each atom gams or 
losi's The valence number of an element in 
eovaleiit coinpoimda also depends upon the 
iminhcr of electrons that an atom of the ele- 
ment uses in forming shared electron pairs 
With other atoms 

'i'he non-inctallic elements m acids con- 
tainmg oxygen ~ sullur in H2SO4, for ex- 
ample — arc linked, by shaung electrons. 
With oxvgen 

In the fonniilas that follow we have indi- 
ealod by X the elections belonging originally 
to the cential atom, c g , sulfur. 

•6 

Il.Ox'siOil-I 

• XX 

0 . 

An insix'ction of the above formula shows 
that the sulfur atom uses all six of its 
valence, or oiitorinost, elections — indicated 
hv X — in forming the bonds, or linkages, 
w itli oYV'gcn Since the oxygen atoms have 
only G (outermost) electrons each, and since 
two of these oxygen atoms use one election 
( ) each m the linkages with hydrogen (•), 
it IS aiipaient that the suitin’ atom must 
piovido MIX of the eight electrons by which 
it iH bound to oxvgen Heneo, the valence 
niiinher ol the HiiUiir is 6 This is sometimes 
culled the oxidation number ol sullur The 
(ixidiitioii niimbor.s of oxygen and hydrogen 
in this compound are —2 and 1, lespectively 
ynnilaily, the valence or oxidation num- 
hci-s of clilonne in the acids indicated below 
aie 1 , 3 , 5 , and 7 , lespcctivcly, because the 
chlorine atom uses 1 , 3 , 5 , and 7 of its elec- 
trons in forming linkages with oxygen 
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: 0 : 

XX .. XX 

HTOxCl^ HrOxGl^ 

XX XX 

.6 :b.- 

XX .. XX .. 

HTOxCl^O 1 -I‘OxCl^O 

• XX • XX • 

0 

In ammonia, mtiogen’a valence number is 3: 
H 

X • 

H 

In nitric acid, nitrogen’s valence numbei is 5 

.0 

HTOx'nxxO 

In carbon dioxide, carbon’s valence number 
IS 4 

bxx^xxb 

1 4. Co-ordinate Covalence 
In the usual type of covalent linkage be- 
tween two atoms each atom contiibutes one 
electron of the pan wluch it shares with the 
other atom In water, for example, oxygen 
furnishes only one electron of each pan 
that its atom shares with an atom of hydro- 
gen. Likewise, in the molecule of ammonia, 

H 
H N 
H 

the nitrogen atom contiibutes a single 
election to each pan that it shaies with 
hydrogen Wlien ammonia reacts with 
hydrogen chloride the following change 

OCClllS 

H 

H • N + H ci — )- 
H 

H -1+ 

H N II + Cl 
H _ 


The proton that was attached to chlorine m 
HCl is separated, leaving its electron with 
chloime which becomes a chloride ion, 01'~ 
The proton combines with the nitrogen atom 
of the ammonia molecule by shaimg the two 
electrons of the mtrogen atom that were not 
used in the ammoma molecule to bind nitro- 
gen to hydrogen This type of covalence, m 
which one atom contributes both of the elec- 
trons of the pair that binds it to anothei 
atom, is called co-ordinate covalence It will 
be noted that some of the bonds that connect 
sulfur and oxygen in the sulfate ion or in the 
molecule of H2SO4 (page 145 ) are of the co- 
oidmate covalent type So, too, aie some 
of those between chlorine and oxygen in 
HCIO2, HCIO3, and HCIO4 (Section 13) 
Many other compounds m which co-ordinatc 
covalence plays an impoitant pail will Im 
discussed from time to time as our study 
proceeds. A bond of this kind may be 
formed whenever two substances react, pro- 
vided one of them contains an atom that has 
an unused, oi free, pan of elections, and the 
other contains an atom that can accept such 
a pair, i e , an atom that lacics two or moie 
elections of having the number (usually 
eight) requiicd to form a stalile outonnost 
group of elections 

15 Co-ordmation Numbers 

The reader may liave noticed that m sev- 
eral of the compounds thus tai mentioned 
there is a central atom which ls suiioundod 
by several other atoms or radicals The 
number of such atoms attached to a cen- 
tral atom is called the co-ordination num- 
ber of the central atom This luunlier may 
have one of several dilfeiont values but I'oiu 
01 six appear more frequently than any 
other The co-ordination number of suliui 
in the sulfate ion and m the molecule oi 
H2SO4 is 4 , because of the four atoms ol 
oxygen that are attached to the central atom 
of sulfur. The co-oidination numbers of 
chlorine in HCIO,, of phosphorus m H3PO4, 
of chromium in Na2Cr04, and of boron iri 
HBP4 (page 144), are also 4 The number 



THE CHEMICAL EQUATION 


for iron in NiViFo(('N)« is (i, iu'i'iuiso of thr 
SIX C'N radicalK that. an> atlaclu'il to (lie 
central atom of iron 

The eo-oi'ilmaliou nuiulii'r sliould not In* 
confn.sc'd with co-ordinate rovnlcncc. 'I’lic 
atoniK or ladicals that miiiouihI a ('(‘ntral 
atom may be aU.aclicd by rcniilai loiah'iil, 
iionds or by co-ordmalod coialcnt bonds 
In the .sulfalit' ion, tor oxamiili', llm co oidi- 
iiation number i.s 1, Init not all llte jiaim of 
eleclirons liy wbicli oxygen atoms am at- 
tached to Llie Miliur atom aic furnisiied by 
the Kultiu atom It should abo In* nolcd 
that the valence numiiei and the co-onlma- 
tion number aie not tbe same; m tlic sulfate 
ion, foi exaiujilo the T'alciice number ot sulfur 
IB +(), while the eo-oidmation numbei is 1, 

THE CHEMICAL EQUATION 

In chemical channi's the ananuciucnt ol 
atoms in the molecuh'H oi ions el thcslaitinn 
mateiuilH in broken up, and the atoms arc 
roairaiiKed m dilfcimit stiiicliiiul paltcrns 
to lorm the moh'culcs or loiin ol the products 
yniec, 111 aeeordaneo witli llie baw of Coii- 
Horvatiou of Musm, there Is no loss or (fuiii 
m weiKlit, all Llie atoms picsciit oiif'iiialb 
must ajiiioar lu the iiroducts 'I'his Ihmuii; the 
case, it IS iiossible to show tlie cluuiKes that 
occur by means ol statements writtmi, not lu 
woids, but m eheiiueal synihols, siidi a 
statement is called a (‘heiiueal epuatioii U 
does not have tbe same meaning!; as a matlw'- 
niatieal equation, it is an equation only in 
tlie sense that it shows an eiiuahty between 
the weights, and between the number of 
atoms of each element, on llio Imo si<les of 
the equation 

16 Information Needed to Write Equations 

To wiite a eoueetly balanceil equation wo 
must know the loimulas of all Liie sulistnnces 
involved— those used and those inodtired 
— ■ m the leaei.ion More important .still, 
we must know that the leactioii us written i.s 
the one that actually occuis, when hydiogeii 
and oxygen react, wc must know that the 


147 

l'>''>duct is wale., IbO, and not hydrogen 
peroxide, IIjOj 

lum dissolves in a .solution of hydrogen 
'■hlondo fliydrochloric, acid), foimmg hydio- 
gcn. iihicli escapes as a gas, and a chlondc ol 
iron Tlicsc tacts am not siilHcieiit to indi- 
ca(c (lu- correct equation for this reaction 
Otic imi^t hydrogen chloride is 

icpiisciilcil coni'ctly by I, ho formula HCl 
and iliat iioii, to t!u; host of our knowledge, 
exisN a.s Im, not, or Fo^ One must 

know, too, that of the two chloiides of iron, 
l'c( Ij and I'eC'b, the former (ferious chlo- 
tidc) is produced in this reaction When all 
dies- facts are known, one can xviite the 
eiinalion in a temporary foim as follow.s. 

Fr Mil' 4- t'l ■) — >- Ih 4 (FqH 4 2 CF) 

'I'd lialancc' this eiiiuition two molecules of 
III '! are reqniied to supply the two hydrogen 
alums and the two cliloune atoms which 
iiuM 111 ' used m lorming the products 

Fc 1 2 (IF -1- Cl ) — >- Ih 4 (Fei-t- -i- 2 CF). 

Ill (Ins c<iuation we liavo written the formula ot 
fisioiis chlmiile as (Fc" 4- 2 OF), to show that 
llic lum and clilonno atoms aio elcotrioally 
l■llHlt!;lMl, and that the suhstance foiined ically 
ciiiNsts of die lotis and not molcoulcs of FeCi;, 
111 llic solution tlu'sc imis am bciiaiated, but as 
III!' water e\ 111)01 ates they will take up dehiute 
liiMlions 111 s|)ace and foim eiystals of fen oils 
clilmide It IS cmdeiit that the ions of chlonne 
uiiilcigo no change m this reaction The change 
IS dill' that mvohcs only atoms of iron and hy- 
ilniKcn Foi this mason, the eciuatioii is some- 
liincs wiittcii to sliow the change that they 
iiiiilci’go, and tlie chlonne is omitted 

l''e-|-2 fl' — HFe" -|- IIj 

This (■qiiation shows that each atom of mm 
giicM two elections to hydiogon, one to caoli of 
two atoms. This is the whole stoiy 

fn the jiagcs that follow, we shall tiy to wiito 
oi|uationb that will show the substances that 
imdiciliate in tlie leactions as ncaily as possible in 
till' foim in winch they exist Thus, we shall 
icinoscnt sodium cliloiide m solution as (Na'*' 4- 
Cr) to show that the solution contains these ions, 
and that the ions are not actually combined with 



148 


SYMBOLS, FORMULAS, AND EQUATIONS 


one another Ferrous chloride will he lepiesonted 
in solution as (Fe+++ 2 C 1 ~) IVlien the solid 
foims of these substances aie employed, we shall 
wiite them as NaCl and FeCh, respectively, to 
show that the ions are closely associated in defi- 
mte crystalline patterns We shall lepieseiit sub- 
stances that are composed of molecules by molec- 
ular formulas such as H2O and CO2, since these 
formulas show the leal divisions of such sub- 
stancas to be molecules 

In writing the equation for a leaction between 
substances in solution, the water in which the le- 
acting substances are mixed is not indicated It 
usually takes no diiect pait in the reaction, and 
therefore need not be shown 

An equation is not a means of determining 
the course a reaction takes or the products it 
foi-ins, but a means of stating the change 
which, by experiment or otherwise, has been 
observed to occur The student should not 
be di&couiaged at this tune if equations offer 
considerable difficulty The trouble lies not 
in the equations themselves, or in the meth- 
ods that aie commonly used to balance them, 
but m the laige number of tacts that must 
be known before a statement concermng a 
given leaction can be made either in the 
form of an equation or m words As yoiir 
study proceeds, and your experiences in the 
laboratoiy expand, the equations that may 
appear difficult at this time will piove ex- 
tremely simple 

If the valence numbers of the elements and 
ladicals, or 10ns, in the compounds aie 
known, the fomulas can be wiitten without 
difficulty, and so, with the help of valence 
numbers and without iui ther experiment 01 
analysis, we may proceed to write the equa- 
tions for many leactioiis Let us, theiefoie, 
next considei the use ot valence numbeis m 
writing equations. 

17. The Convenience of Valence Numbers in 
V/riting Equations 

As an example of balancing an equation foi a 
reaction involving lomc compounds, let us use 
the reaction of silver sulfate and aluminum chlo- 
ride. Let us assume that the formulas of these two 


substances are known to be Ag2SOi and Aids, 
respectively, and that the products are known 
to be aluminum sulfate and silvei chloride All 
four substances are ionic compounds, but silvei 
chloiide is only slightly soluble We write fust, 
then, an incomplete diaft ot the eifuation 

(AI+++ + 3 a-) + (2 Ag’- + SOr) — ?- 

(A 1 +++ -p SOr) -f AgCl I , 

As written, the foimulas for aluminum sulfate 
and silver chloride may not be ooirect, let us 
check them before proceeding The valence 
numbeis of Ag+ and Cl“ aie -pi and - 1 , the 
foimula of silvei chloride im eoirect as it stand.s 
The valence numbers of aluminum and sulfate 
ions, however, are not the same In alummiim 
sulfate, and in its solution, the lelativo numbeis 
ot Al+^^ and SO “ ions must be such that the total 
valence number of the aluminum ions is the same 
as that of the sulfate 10ns, 1 e , the total number 
ot units of positive chaige on the aluminum 10ns 
must be the same as the total number of units of 
negative charge on the sullate 10ns This con- 
dition IS met when there aie two nlunnnuin 10ns 
for three sulfate 10ns — 2 AI++'* +3 SO* Foi 
solid or undis&olved aluminum sulfate, theiefoie, 
the formula, as usually wiitten, is AlifSO^ls 
We may now write the equation as 

(A1+++ -p 3 C 1 -) + (2 Ag+ + SOr) — >- 

(2 A 1 +++ -P 3 SOr) + AgCl 4 - . 

The foimula of silver chloride, written as AgQ ')• . 
shows that tins substance does not remain in 
solution, it piecipitates as a solid 
The equation is not yet balanoed The fact 
that thiee sulfate 10ns are neccssaiy (on the right- 
hand side) shows us immediately that the foimula 
of silver sullate, 111 which there is only one sulfate 
ion, must be used (on the left-hand side) tliiec 
times Lilcewise, the foimula of ahimiiuim olilo- 
iide must be used twice 111 writing the Iplt-haiid 
side of the equation, to supply tho two ions ol 
aluminum that aie lequiied by the formula ol 
aluminum sulfate on the iight-hand side The 
equation is now balanced with lespect to alumi- 
num and sulfate 10ns At the same time that we 
wei e balancing the numbei s of these 10ns, we wei 0 
adding six 10ns of chlorine and six of silver, which 
are shown on the right-hand side of the equation 
as 6 AgCl 4 , since the valence number of each 
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of these ions is 1 The balanced equation, 
thei'ofoie, is 

2 (A1+++ + 3 C1-) + 3 (2 Ag+ + SO 4 ) — >- 

(2 Al'i^ + 3,SOr) + 6AKOl4' 

Tins equation is also written in the followinp; 
foim, which shows the foimulas of all the sub- 
stances involved but does not indicate that, m 
solution, they exist a^- indcpcndeiit 10 ns 

2 AlCb -h 3 AgadO, — Ab(SOoj -|- 0 AgCl I 

This method of balaiieiiig equations eaa be used 
foi leactious of substances that aie not coiiqiosed 
of ions as well as foi those tliat aic, it cannot be 
used, of coiuse, foi icactioiis in which theio aie 
changes in the valence numbeis of some of the 
elements or ions, and wliicli, tlieiofoie, involve 
oxidation and 1 eduction 
111 the icaction that we haw pist discussed, 
the alurniiiiim and tlie sulfate ions aic not actually 
involved, if they ai 0 allow ed to leinain in solution, 
indeed, our equation shows that they existed as 
10 ns befoie the change ooeiuied, and that they 
also exist as loiw altoiwaid Of couisc, il the 
watei 111 which they aie dissolved is lemoved liy 
evaporation, tlu'y will foi in eiystals ol aluminum 
sulfate In solution, the only change that occuns 
involves the toimatioii ol the piocipitatc of silvei 
chloiide fiom ,silvoi and chloiidc 10 ns Some 
piefer to show only this change in the equation, 
omitting entiiely the otliei ions that eiiteiod the 
solution with those ol silvei and cliloinie 

Ag ' -t- Cl“ — >■ AgCl -f . 

'I’his pioceduic is acceptable and, indeed, lias 
much to lecommoud it 
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1 8. What Information Concerning o Reaction is 
Given by the Equation® 

Wlu'ii we iviitc' 2 II 2 -|- O 2 — >■ 2 the 

('(luiitnm .stales that two graiu-molceular 
wciglits ol hydiogon leaet with one giam- 
moleeulai weight of oxygen to fonii two 
giam-molecukir weights of watei The toi- 
inulas used in the equation also show the 
eompusition of each substance in teims of 
the kinds of elements and the number of 
atoms of each in a molecule, or at least the 


lelative number of each kind of atom m the 
compound, since we must remember that 
some compounds do not consist of molecules 
Most impoitanl of all, the equation shows the 
p) opoi tions hj weight of the 1 eacling substances 
and the pi oducts W e use the equation, thei e- 
foie, when we wish to determine the weight 
of one substance that will react with, or that 
can be produced from, a definite weight of 
auothei This is piobably the most common 
type of problem the chemist is called upon 
to solve 

If, for example, we must find the weight of 
water that can be produced from 40 g of 
oxygen, we fust wiite the equation foi the 
leaction 

2 H2 + O2 — y 2 H2O 

2 gm mol wts 1 gm mol wl, 2 gm mol wts 

4 032 g 32 g 36 032 g 

The equation .states that 32 g ol oxygen 
pioduccs 36 032 g ol water To deteiniine 
tlie weight of watei that can be foraied from 
40 g of oxygen, we may proceed as follows. 

32 g of oxygon pioduces .36 032 g of watei 


Ig 


of oxygen pi odiioes 


36 032 
32 


g of water 


40 g 


of oxygen pioduccs 40 X 


36 032 
32 


g of watoi 


Nut only does the equation express I he 
weight iclations ol the .substances involved 
111 the reaction, but it also expi esses volume 
lelations foi all gaseous substances that 
take pait in the change that it desenbes 
Since giam-molcculai weights of gases oc- 
cupy 22 4 htcis undei standaid conditions, 
the equation lot the icaction lietvveen hydi 0 - 
gen and oxygon states that 118 litois of 
watci vapor, at 0° G , and 760 mm , aie pio- 
duced fiom 44 8 liters ol hydrogen and 22 4 
hteis of oxygon 


19 Solutions of Other Problems 

111 oidei tliat the .student may become thoi- 
ougbly familial with the solution of pioblem.s 
that involve the weights and volumes of sub- 
stances that the chemist uses or pioduces m 
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(Meient piooesses, further examples are explained 
below 

(1) Wliat weight of oxygen can be produced by 
treating 10 g of sodium pci oxide with water’ 

2 Na202 + 2 HjO — >• 4. (Na'^ + OH~) + O2 

Molecular weight of sodium peroxide = 

(2 X 23) + (2 X 16) = 78 
Molecular weight of oxygen = 32 

The equation shows that whatever weight of 
sodium peioxide is used, the ratio of its weight 
to the weight of the oxygen produced must be 
156/32 Knowing the value of this latio, it is a 
very easy matter to find the weight of oxygen 
winch can be produced from 10 g of sodium 
peroxide, since x (the weight of oxygen) must 
be in the same ratio to 10 as 32 is to 156 

156/32 = 10/* 

156 a: = 320 
X = 2.051 g 

(2) What volume of oxygen at 20° C and 720 
mm. can be pioduced fiom 10 g of sodium per- 
oxide’ The solution of the first pioblem shows 
that 2 051 g of oxygen is pioduced The volume 
of this weight of oxygen, under sbandaid condi- 
tions, can be calculated since we know that the 
gram-molecular volume is 22 4 hters Hence, 
32 g of oxygen occupies 22 4 liters. The volume 
occupied by 2 051 g is m the same latio to 22 4 
liteis as 2 061 is to 32 

2 051/32 = */22 4 
32 3; = 45 94 

X = 1 435 liters = 1435 ml 

To find tlie volume at 20° C and 720 mm , this 
volume of 1435 ml must be corrected according 
to Boyle’s and Charles’s laws (page 93) 

^ 20'’ and 7'>l} raiti = 1435 X 293/273 X 760/720 = 

1626 ml 

(3) If sufficient watei is added to leact with 
10 g of sodium peioxide and to make 100 ml 
of solution, what weight of sodium hydi oxide 
will be piescnt m the solution at the end of the 
leaction’ To what concentration of sodium 
liydioxide, expiessed as giam-moleculai weights 
(01 foirnula weights) per liter, does this coiie- 
spoiid’ 

2 Na.O. + 2 lIjO — 1- 4 (Na'’ -|- OH^) + O 2 

Otic giam-moleculai weight (78 g) of sodium 
peioxide pioduces two giani-moleculai weights 


(80 g approximately) of sodium hydroxide 
Hence, whatever weight of sodium peroxide is 
used, the weight x of sodium hydroxide that is 
produced must beat the same relation to that 
weight as 80 beais to 78 From 10 g. of sodium 
peroxide we can obtain, therefoie, 

78/80 = 10/x 
78 X = 800 

X = 10 246 g of NaOH, 

This weight of sodium hydi oxide is 10 246/40 of 
one gram-molecular weight This fraction can 
also be expressed as 0 256 giam-molecular 
weight, this figure lepiesents the concentration 
ol bodmm hydroxide in 100 ml A liter of the 
same solution would contain 102,46 g of sodium 
hydroxide, or 2 56 gram-moleculai (more ac- 
curately 2 56 gram-formula) weights (page I4O) 

(4) What weight of zinc will be requiied to 
hberate 2 liters of hydrogen at 10° and 740 mm 
from a solution contaimng an excess of hydio- 
chloiic acid? 

Zn -b 2 HCl —V (Zn -b 2 Cl") + Hz. 

The equation for this leaction states that one 
gram-atomic weight (65 38 g) of zinc libeiates 
two giam-atomic weights (2 016 g ) of hydiogen 
The ratio of the weights of hydiogen and zinc 
must always be equal to 2 016/06 38 In oidci 
to use this ratio it is first necessary to find the 
weight of the volume of hydrogen stated m the 
pioblem Now wc know that 2 016 g of hydiogen 
occupy 22 4 hteis under standard conditions, but 
the two hters mentioned in the problem weie 
measuied at 10° and 740 mm This volume 
must be converted, thciefoie, to the conect 
volume of the same weight of hydiogen at 0° 
and 760 mm 

Volume (standard) = 2 X 273/283 X 740/760 
= 1 878 hteis 

Let us say that this volume, 1 878 hteis, weighs x 
giams Then 

1 878/x = 22.4/2 016 
22.4 X = 3 82 

X = 0 1705 giams 

It is now possible to find the weiglit of the zinc 
icqmred to pioduoc 0 1705 g ol hydiogen 

65 38/2 016 = x/0 1705 
2 016 X = 11 1473 

X = 5 52 g of Zn. 
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THE ENERGY CHANGES 

THE ENERGY CHANGES DURING 
REACTIONS 

20, Endothermic and Exothermic Reactions 
In some (‘hemical changes energy w hb- 
erated in Lho form of heat and light, and in 
othera it iH ab.soibed In any event, there la 
usually a noticeable change in the energy 
content of the .substances involved in any 
reaction. In .some instaneos, the energy 
liberated or absorbed during the leacLion i.s 
very impoitant When we wiite the ctiua- 
tiona for these reactions, w(' must tiy to .show 
the changes in energy as well as the changes 
in composition A reaction that is accom- 
panied by a hlieratioii oi energy is said to lie 
exotheimiG One accompanied by an absoip- 
tion of energy is endotharmic Since the 
eneigy that is hbeiated oi alisorbed is usually 
m the form ol lunUi, the oiKu-gy change din- 
ing a loactioii IS usually expressed in eulones 
and is called the heal of the reaclwn. The 
calorie, it will bo icnieuilioied, is the ((uan- 
tity of heat leciuiiod to laiso the tomperatuie 
ol one giam ol water (at 16°) one degree, 
Ocntiguulc This unit ol heat should not ho 
confused with the degree of lempemlioe 
The same quantity (number of calories) of 
heat may be eoiitainod iii a pint of water and 
in a gallon, but the tompoiatuie of the water 
111 the piiit measuic would lie much higher 
than the tompei'a1.iiic in the gallon Tein- 
poiatuio icteis to the iiiteiisity lac tor of heat. 

?1. Heats of Combustion and Formation 
The heal of combustion is usually expressed 
as the nuiribei of calories libciated when the 
gram-molecular weight ol the substance 
burns, allhougli i(. i.s .sometinies used in 
speaking of the heat released wlioii one giam 
of the substance undoigoes (;onibu.stion The 
heat of foimalion of a compound is usually 
expressed as the niimbei ol calories libeialcd 
or absoibcd when one giam-molceulai weight 
oi the compound is foiincd from the con- 
stituent elements This is really the molai 
heat of foimalion Thus, the heat of forma- 
tion of carbon dioxide, as the term is ordi- 


DURING REACTIONS 

narily used, refers to the heat liberated when 
44 g of carbon dioxide is formed by the com- 
bination of carbon and oxygen, It does not 
refer, for example, to the heat that is liber- 
ated when carbon monoxide burns to form 
eaibon dioxide 

22 Equations Showing the Heats of Reactions 
The tollowing examples of endothermic 
and exothermic reactions will serve to illus- 
tiate the differences between the two types 
of change The dal a are for gaseous states 
of all products except NaCl, which i,s a splid 

2C + Oj — >-2CO -f- 52,680 cal 

2 CO + Oj — )- 2 CO 2 +1 66, 560 cal 

C + Os — >- CO 2 + 94,450 cal 

2 Na + Cl> — >■ 2 NaCl -P 196,660 cal 
C -P 2S — h CS 2 - 25,400 cal 

Ih -P 8 — 5- H 2 S + 5,260 cal 

Nj + 3 TIj — 2 NPh + 22,000 cal 
N. + O 2 — t-2NO - 43,200 cal 

In a way, t.he heat of formation of a sub- 
stance IS a mcasuie of the .stability of the 
siilistance In general, we may say that 
endothermic compounds aie les.s stable than 
exotheiTme compounds 

Review Exercises 

1 What weights (111 giams) of hydiogeii aie 
roiiresentcd by H and Hj, respectively? 

2 Upon the ba.sis of wliat assumption did Dal- 
ton use the formula HO foi water? Why do 
we now a,ssigii watei the formula HjO‘^ 

3 What does a chemical equation state 0011 - 
ceinmg the leaotion that it lepiesents? 

4 State all the facts which are expicssed by the 
follovving equation 

N 2 "P 3 II 2 ( ^ 2 Nils 

5 What inf Ol matron must be available tor the 
(leteimination oi the actual [omiiila of a 
Compound? How is tins infoi riiatioii obtained 
for gaseous substances? 

6 What facts oonueinmg the compounds that 
tliey lepiescnt are sliown by the following 
foimulas? Caleuun sulfate, Ca++SOi“, ethane, 
C 2 H 11 , ammonia, Nllj, potassium nitiatc, 
Ki'NOa", and suciose (sugai), C 12 H 22 O 11 

7 The weight of 1335 ml of a pure gaseous .sub- 
stance measuied at 100° C and 740 mm i,s 
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2 589 g Analysis shows that it consists of 
62 07 por cent of caibon, 27 59 per cent of 
oxygen, and 10.34 per cent of hydrogen. 
What IS the foimula of the compound’ 

8 Wliat IS the simplest formula of a solid sub- 
stance which has the following percentage 
composition? Sodium 32.39 per cent, phos- 
phoru.e 21 85 per cent, oxygen 45 06 per cent, 
hydrogen 0 70 per cent 

9 Calculate the percentage composition of each 
of the following substances NHj, CO2, 
C2H.O, I-I2O, FejOa 

10 What volume of oxygen (standaid conditions) 
can be produced by the decomposition of 26 
grams of water? What volume of hydrogen 
IS produced at the same time’ 

11 What weiglit of tin will leact with chloiine 
to form 110 g of stanme chloride in which 
the valence of tin is 4? 

12 What volume of carbon dioxide measured at 
20“ and 760 mm can be produced from 1 kg. 
of CaCOs by the following reaction? 

CaCOs (heat) — >■ CaO -1- CO2 

13 Propane has the formula CiHs Wiite the 
equation to show the reaction when this sub- 
stance burns completely What volume of 
oxygen (standard conditions) would be le- 
quiied to burn 132 g of propane’ Assuming 
that the temperatuie of the gases resulting 
from the reaction is 100“ C , how would the 
volume ot gases attei the reaction oompaie 
with the combined volumes of oxj’-gen and 
propane in. the original mixtuie, if the tem- 
peratuie of the mixture in the beginning was 
0“ and the pressure lemains constant? What 
volume of caibon dioxide, under standard 
conditions, would be produced’ 

14. The formula for silver o.xide is Ag20 What 
weight of caibon will be required to pioduce 
20 g of metallic silver from silvci oxide by 
the following reaction? 

AgjO -h C — >- CO -h 2 .A.g 

15. Dehne exothermic and endothcimic reac- 
tions and gn'e example.s of each 

16 How many grams of watei could be heated 
from 0° C to 100“ C by the complete utiliza- 
tion ot the heat hbeiated when 10 g of caibon 
IS convoited by combustion into caibon 
dioxide’ 


AND EQUATIONS 

17 Wliat weight of ten per cent sulfuric acid 
solution must be used to pioduce ten standard 
hteis of hydiogen by action upon an excess 
of zinc? It the specific gravity (weight per 
ml ) ol this solution is 1 072, what volume of 
sulfuric acid would be required? 

18 Hydrogen is passed over 50 g. of heated 
magnetic oxide of non (FesOd The water 
wlueh forms as a lesiilt of the reaction 
weighs 12 g Calculate (a) the weight of the 
Bohd residue after the reaction, and (b) the 
volume of hydrogen (undei standard condi- 
tions) that reacted 

19 "Wliat aie the valences of the elements com- 
bined with oxygen in the following oxides’ 
B12OS. PbO, PbOi, B2O3, PaOs, S1O2, AgsO 
Write the foimulas foi the coi responding 
chloiides 

20 Usmg the information on pages 143-44, wi itc 
the foimulas for calcium ai senate, barium 
phosphate, aluminum acetate, ammomum 
carbonate, and magnesium chromate 

21 Name the following compounds CaS04, 
(mhhVO,, Cu8(As 03)2, Ba 3 CAs 04 ) 2 , NH,NOa, 
Hg(C2H302)2 

22 Which ot the following foimulas are correct? 

KsCOa, CuSi, Na2P04, Fe(C2H302)8, MgCO,, 

A1(0PI)2 

23 Complete and balance the following equa- 
tions 

(o) iilaiium rutrate -f- Arnmommii clu ornate — * 

(tSoluble) (Soluble) 

Baiium chromate -b Ammonium nitrate 
(Insoluble) (Soluble) 

(6) Ammonium phosphate + Calcium chloride — > 

(Soluble) (Soluble) 

Calcium phosphate + Ammonium chloride 
(Insoluble) (Soluble) 

(<;) Magnesium aisenite -f Cupric sulfate -* 

(Soluble) (Soluble) 

Cuprio ui senile Magnesium sulfate 
(Insoluble) (Soluble) 

24. A compound contain, s 1 8 g of carbon, 0 3 g 
of hydiogen, and 0 8 g ot oxygen in a sample 
weighing 2 9 g If one liter of tins compound 
in its gaseous state weighs 2 5893 g (volumo 
measuied undei standaid conditions), what 
IS the molecular formula of the compound? 

Reference for Furfher Reading 

Chapin, W H , and L E Steiner, Second Year 
College Chemistry. 4th ed , New York 
John Wiley and Sons, 1938 
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GENERAL CLASSIFICATION 
OF COMPOUNDS 


I am fully aware that names are one thing, 
and science another faraday 


1. Introduction 

In a ])i(‘vious cliaplci wp have seen that 
auhstancGS may be elahsified aa elements and 
compoundH, Bo lar, we have studied two 
elements, owpeii and hydiogen, at some 
length, an<l we have leaiiiod a few isolated 
facts coneeining seveial otlier elements and 
a few compounds. It is evident that a con- 
tinuation of this method of sturlying each 
element and its ('ompound.s as individual 
substances would lead in tunc to the collec- 
tion of a vast amount of unorganized infoi- 
mation instead of classified and organized 
knowledge ol the kind that the study of 
chemnstry, as a science, should loveal to the 
student 

Before considenng othei elements and 
their compounds, let us turn oiu attention, 
theieforc, to substances in geneial with the 
view ol learning the classes into which they 
can be divided and the chaiactenstic and 
distinguishing propel tics that belong to each 
class Instead ol attempting to learn the 
detailed behavioi of each and every sub- 
stance, it is often sufficient to associate a 
substance with the class to which it belong.s 
Hydrochloric acid, for example, possesses 
few properties that are peculiar to itself; in 
general, its properties are those of all acids. 

The elements themselves fall into definite 
classes, usually called families, all the ele- 


ments of a family lorra compounds that have 
similai properties, foiinulas, and stuuhiucs 
The classification of the elements is discussed 
m Chapter 15, page 218 At this time, we 
are concerned with classes of compounds 

2 Compounds Classified upon the Basis of 

Structure 

In Ghaptei -1 we cla.s.sifiod compounds a.s 
tome and as covalent or molecular These two 
typo.s of compounds differ consideiably in 
then propertie,s The ions ot ionic com- 
pounds possess electrical charges which cause 
the ions to be held together lathci firmly 
The molecules of covalent compounds arc 
not electrically charged, and thoicfore the 
foices that bind them togethei m a body ot 
such a substance aie relatively weak We 
find, geneially speaking, that ion.s are not 
easily .separated, hence lomc compounds 
have lelativcly high melting and boiling 
points Then licpiid states are excellent con- 
ductous of electnfiily Covalent compounds, 
on the other hand, have i datively low melt- 
ing and boiling points Many of them, under 
ordinaiy conditions, are gases They aie 
non-conductois of electricity in their liquid 
state. 

Covalent substances may be still further 
classified as polar and non-polar. The 
molecules of polar substances act as dipoles. 

153 



154 


GENERAL CLASSIFICATION OF COMPOl/NDS 


Let US explain by using a few examples of 
such substances In the molecule of hj’-dro- 
gen chloride, 

H cr 

chlorine has a much stionger attraction for 
elections than hydiogen has, and, although 
the chlorine atom does not lemove an elec- 
tron completely from the atom of hydiogen, 
we may leasonahly assume that the pan of 
electrons spend much more time in rotating 
around the nucleus of chlouiie than around 
the hydrogen nucleus We may represent 
this condition in our formula by placing the 
electron pair that binds these two atoms to- 
gether nearer chlorine It now becomes ap- 
parent that the negative charges (electrons) 
are located on one end of the molecule, and 
that the other end is a more or less inde- 
pendent proton (positive charge) We may 
consider the molecule, tlieiefore, as a 
particle having two poles, one positive and 
one negative 

In the water molecule, the two atoms of 
hydrogen aie not arranged symmetrically on 
opposite sides of the oxygen atom, instead, 
they are 105° apart (Figuie 75) In this 



Figure 75 The W«ifer Dipoie 
The two atoms of hydrogen ore 105° apart 

molecule, the center of all the electrons is 
the center of the oxygen atom, but the center 
of distribution of the protons is not at the 
same point Hence this molecule is also a 
dipole 

The molecules of a free element are non- 
polar In the molecules of hydrogen and 
chloiine, for example, 

H H Cl c:i 

the pairs of electrons unite atoms of the same 
element Since the atoms that it joins have 


exactly the same attiaction foi electrons, a 
pair IS located midway between the two 
atoms; and hence the centers of distribution 
of electi ons and protons coincide Theie are 
no poles ot a molecule that has a symmetiical 
stiiicture of this kind Similarly, m the 
molecule of carbon tol.iachloiide, 

:G1 

•Cl C Cl , 

.Cl 

the electi ons and piotons of the ioui chlonne 
atoms are ai ranged symmetrically around 
the carbon atom instead of having their cen- 
ters of distribution at different points 
Hence carbon tetracbloridc is a non-polar 
compound 

The molecules of polar substances exeit 
considerable atti active influences upon one 
another The positive pole of one molecule 
attiaets the negative pole of anothci As 
non-polar molecules cannot act in this man- 
ner, they are much moie nearly independent 
of one another In general, thcrefoie, polar 
substances are found to have highei boiling 
and melting points than non-polar sub- 
stances Then liquid states, however, are 
not conductors of the cuirent of eloctnciiy 
because they do not contain separate positive 
and negative particles 

3 Electrolytes and Non-Electrolytes 

One useful basis of classifying compounds 
depends upon the fact that some compounds, 
when dissolved in water oi ceitam other sol- 
vents, conduct the current ol electiieity, 
some of these compounds arc also conductors 
in then piue, liquid states; thus, both a solu- 
tion of sodium chloude in watei and melted 
sodium chloride are conductors When these 
substances oi then solutions act as a pait 
of a circuit in which theie is an electric lamp, 
foi example, the lamp will “light,” just as it 
the entire ciicuit were made ol copper wire 
It i.s tine that solutions, like wires, vary 
greatly in their ability to conduct the cur- 
rent, but we are speaking heie of a solution 
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that conducts at least moderately well. 
Hydrochlouc acid (HCl) sodium hydi oxide 
(NaOH), and sodium chloiide (NaCl) are 
examples of substaiiceh that fonn solutions 
of high conductivity Because of their 
ability to conduct the cui I’ont, they are called 
eledrolylcs Glycerine, sugar, and naphtha- 
lene (moth balls) aie examples of non-con- 
ductois 01 non-dc( h olyles We believe that 
the ability of .solutions of acids, bases, and 
salts to conduct the electiie cuucnt depends 
upon the piesencc of ions in the,se solutions 
An ion is an clectiically chaiged atom or 
group of atom.s (ladical) 

4 How Ions are Produced in Solutions of 
Electrolytes 

Many of the .substances that produce ions 
in solutions are siilistances, like sodium chlo- 
iide, that have liecii produced by the trans- 
ter of electrons Irom one element to anothci, 
0 g , fiom sodium to chloiine Sodium hy- 
dioxide, as wo have seen, is also a substance 
of this kind These substances aio composed 
of ions in the ciystal state, and when the 
crystals aio dissolved, the ions aio set liee 
from the lixed positions that they occupy 
relative to one another in the crystal 
We may icpiosont this condition by the 
lollowing eciLiations. 

NaC'l (crystals) — Na^ + C!l~ 
NaOIi (ciystals) — >■ Na'^ + 0H“ 

Many compounds of hydrogen with non- 
metalhc elements (HCl, for example) or with 
ladicals (IlaiSO.!, for pxanpile) also form 
aqueous solutions that aie coiiductois, we 
must conclude, tliciciorc, that then solutions 
contain ions ’'riiose sulistances do not ap- 
]ieai to be comimscd ol ions before they arc 
dissolved, lor oxamiile, hychogen chloride 
(HCl) in the puic, 1k[Uk1 loim is not a con- 
ductor The ions that make then solutions 
conductois must be formed, then, when the 
compounds dissolve in water 
By what leaction.s are these ions produced? 
The oxygon atom of the water molecule has 
eight electrons in its outermost group; four 


of these it shares with two atoms of hydro- 
gen The other pairs aie unused By means 
of one of these free pairs, the oxygen atom of 
the water molecule might, under favorable 
conditions, form a co-ordinate covalent bond 
with a proton, which has no electrons, and 
which, therefore, can shaie a pan belong- 
ing to oxygen In hydrogen chloride the 
chlonne atom and the hydrogen atom share 
two electrons Now when hydrogen chloride 
dissolve, s in water, the following reaction 
may occur 

H . Cl + H 0 H — >- H 0 H ^ + Cl - 
_ H _ 

When the hydiogen atom is separated from 
the chlorine atom, it leaves its electron with 
the latter, wluch thus becomes a negatively 
chaiged ion, Cl~ When the positively 
charged hydrogen ion (really a pioton) 
attaches itself to the oxygen atom of the 
walei molecule, it tonus a positive ion, 
HjH'", called the hydronium ion 
There is some evidence to indicate that 
more than one molecule of water may com- 
bine with the hydrogen ion, oi proton, and 
the formula of the ion is sometimes written 
as H(H20 )ii+, the subsenpt n represents the 
number of water molecules for each hydiogen 
ion This ion may be regarded as a hydi atod 
hydiogen ion A hydiatc is a compound (oi 
ion, in this instance) in which one or more 
molecules of water aie combined with a 
molecule, or ion, of another substance 
Whenever we have occasion to refer to the 
ion.s that exist in a solution of an acid, we 
.shall indicate the ion involving the hydrogen 
that the acid release.s as H3O '' (or H+ H2O) 01 
simply as H+ Wc arc justified in using IH, 
since the water molecule is a more or less 
inei t partner ol the H"'' m H.jO'*' In a i eac- 
lion, for example, it i.s the H of the II/J ^ 
ion that combines with anothoi ion or radi- 
cal, and the H2O molecule is again set free 
We shall later return to this subject when 
compounds of this nature are disciassed in 
another chapter Many 10ns form hydrates 
similar to the hydronium ion 
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5. The ReacHons of Electrolytes 
In geneial, the three classes of compounds 
that produce ions in aqueous solutions are 
Odds, haseSi and salts Acids are represented 
in oui present discussion by HCl; bases by 
NaOH; and salts by NaCl The ions liber- 
ated when these substances aie dissolved 
may combine with other ions that may be 
present to produce new compounds Thus, 
the chloude ion from sodium chloride and 
the silver ion from silver nitrate form 
slightly soluble silver chloude when they are 
placed in the same solution 

Ag+ + Cl--^AgCl d. 

Similarly, the hydrogen ions of an acid and 
the hydro'iiyl ions ot a base combine in solu- 
tion to form molecules of water. The acid 
and the base are said to neutrahze each other 
Using HCl as the acid, the equations are 

HCl + HjO -J-HaO+d-Cl- 
H30+ + 0H--^2H20 

Or representing simply by H+, as we 
have agreed to do 

H+ + OH~— J-H2O 

The complete reaction between NaOH and 
HCl may be wiitten as follows 

(Na-* 4 - OH-) + (H+ + CN) — ^ 

HjO + (Na** + CI~) 

6, Acids, Bases, and Salts 

An acid may be defined as a substance that 
liberates hydrogen ions {protons, page 49) for 
reactions with other substances In aqueous 
solutions, acids form 10ns when they react 
with molecules of water to form hydiomum 
ions, HaO"*" When the acid leacts in solu- 
tions with another substance, it is this ion 
that supplies H+ for the leaction 
Bases are substances that combine mth the 
//+ ion supplied by acids oi by the hydio- 
111 um ion HaO"*' of acid,s in aqueous solution 
The most familiar base is the hydioxyl 
ion, OH~ which leacts with the hydiogen 
ion, or with EsO^, to form water For this 


reason, a base is sometimes defined as a sub- 
stance {NaOH, for example) that liberates 
hydroxyl ions when dissolved in water Since 
the hydroxyl ion is not the only kind of par- 
ticle that combines with H+, our use of the 
leim base must be expanded somewhat to 
include all substances, composed of either 
molecules or ions, that will accept the pro- 
tons that an acid can supply 

When water leacts with hydiogen chloride to 
foim hydronium 10ns and chloride 10ns, it accepts 
the piotons (H''') from molecules of HCl, and 
therefoie acts as a base When ammonia, NH3, 
reacts with hydrogen chloride, ammonia is the 
base 

NHs -h HCl — >• NIIF + Cr 

IWien watei reacts with ammonia, the protons 
aie supplied by molecules of water, which therc- 
foie acts as an acid 

NH, + HOH — + OH- 

Althougli ammonia, water, and hydiogen chloude 
are not, in their pure states, composed of ions, 
they pioduoe 10ns when they leaot as acids or 
bases Our previous statement — namely, that 
substances capable of producing ions in solutions 
are salts, acids, and bases — is still collect, al- 
though we must note that not all acids and base, 
are composed of ions m then puie states, and that 
they do not always pioduce 10ns when they react 
The essential featuie of a reaction between an 
acid and a base is that one 01 more protons aie 
transfeircd fiom the acid to the base If the base 
is an ion, such as OII^, its acceptance of a pioton 
may lesult in the foimation nf a neutral molecule, 
such as watei , if the base is a molecule, such as 
HOH, its acceptance of a pioton produces an ion, 
such as HjO"* 

7. Hydroxides 

In the piecedmg section wo have .stated 
that the hydroxides of metals, such as 
NaOH, supply hydroxyl ions and that, be- 
cause they do so, they are sometimes leferred 
to as bases, although it is the hydioxyl ion 
that IS the real base We may also speak 
of the hydroxides of non-metallic elements, 
but this practice is not in keeping with the 
usual termmology Instead of ref ei ring to a 
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certain compound of chlorine, hydrogen, and 
oxygen as chlorine hydroxide, CdOH, we call 
it hypochlorous acid and wnte its formula 
as HCIO This formula emphasizes the fact 
that, when this suhstaiiee reacts with others 
which can acci'pt piotons, it gives up its 
hydrogen ion, or proton, leaving the liyiio- 
chlonto ion, (’10~, it does not pioduee 
and 01i~ ions Hmularly, wc might consider 
the thiec acids IlaHOi, Hd’Oa, and HiShh as 
hydroxides and assign them the lomiulas 
S02(0 H)j, P(0H)3, and Si(()H),. The first 
foimulas, however, are more in agicement 
with the behavior of these compounds; they 
leact with bases to supply hydrogen ions, or 
piotons, but not with acids to supply hy- 
droxyl ions 01 to accept protons 

The ical distinction, thciefoie, between 
different compounds containing hydroxyl 
groups, the factoi that dotei mines whether 
they react as bases or as acids is the kind of 
ions that they produce 'The hydroxides that 
act as bases in aqueous solutions foim hy- 
droxyl ions, and those that act as acids pro- 
duce hydrogen ions Some hydroxides aie 
capable of fiinctionmg as an acid under cer- 
tain conditions and as a base under others, 
they can and do pioduee both hydiogen and 
hydioxyl ions Zinc hydroxide, Zii(( )H) 2 , le- 
acts in the same way as any other hydi oxide 
oi a metal with an acid, such as hydio- 
chloric acid' 

Zn(0H)2 + 2 (H+ -(- C1-) — v 

(Zii-'-t- -b 2 C'l-) + 2 HOH. 

It also reacts with sodium hydroxide as an 
acid 

HaZnOa -|- 2 (Na+ + OH') — 

(2 Na-i- + ZnOj”) + 2 liOII 

Hydroxides that can act both as an acid and 
a base arc classified as amphoteiic, oi, in 
more lecent chemical literature, as ampln- 
proiic, hydioxides Other amphotoiic hy- 
droxides aio those of aluminum, chromium, 
lead, and tin 

8, Salts 

Salts are compounds composed of posi- 


tively charged ions (usually metallic ions) 
and negatively charged ions of an acid. In 
some salts formed fiom bases like NHg, or 
NH 4 + 0 H~ the positive ion may be a radical, 
e g , the ammonium ion, NH 4 +, in ammo- 
nium chloiide Salts are produced by sev- 
cial kinds of reactions but most frequently 
by icactions between acids and the hydrox- 
ides of metals When a solution containing 
H(J1 is mixed with one containing NaOH, 
sodium and chloride 10 ns remam in the 
solution attei the hydroxide and hydrogen 
ions are converted into molecules of water 
If the water is evaporated, these ions form 
ciystals of the salt The simple.st salts are 
compo.sed of a metal and a non-metal, e g,, 
NaCl Others are composed of a metal and 
a radical, e g , Na 2 S 04 , KOlOj. In every salt 
the particles (atoms and radicals) that make 
up the salt aie ions 

(K-i- + 0H-) -b (H+ -b cr) 

(K-i- + Cl-) + HjO 
(Na-i- -b 0H-) -b (H+ -b NO 3 -) — 

(Na+ + NO 3 -) + H 2 O 
Ca( 0 H )2 1+2 (H+ + cr) — 

(Ca-t-^ + 2 Cl-) + 2 H 3 O 
Mg (0H)2 i + (2 H+ + S04“) —»■ 

(Mg-t-+-+S04‘=) + 2H20 

The salts foimed in these reactions are po- 
tassium chloride, KCl, sodium nitrate, 
NaNOs, calcium chloride, CaCh, and mag- 
nesium SLiliate, MgS04 

9 Properties of Acids 

Lemons, oranges, and grapefiuit contain 
citric acid , soui milk contains lactic acid, and 
vinegar is a solution of acetic acid As our 
accpiaintance with these subsi,anccs incli- 
cat&s, acids aie characterized by a sour taste 
They have other common propeities. In 
aipieous solutions they produce dehmte 
changes in the colors of ceitain substances 
called indicaiois Foi example, they change 
blue litmus to red, and they make a red solu- 
tion of phenolphthalein colorless, if added in 
excess of the quantity required to react with 
anji^ base that may be present They react 
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With the hydroxides of metals and with am- 
monium hydroxide and similar hydroxides, 
to form salts and water, with such ba^es as 
ammonia, NH3, they fomi only salts, e g , 
NH4'''C1"' All acids supply hydiogen ions, 
or protons, when they react with ba.ses, and 
their many common properties depend upon 
this characteiistic behavior In aqueous so- 
lutions they zeact with water molecules, but 
not all to the same extent, to form hydro- 
nium ions, which aie responsible for the 
acidic propel ties of these solutions, the leal 
acid that reacts with bases in such solutions, 
therefore, is tins ion, H3O+ The most fie- 
quently used acids in the laboratory aie 
hydrochlonc, HGl; nitiic, HNO3, sulfuric, 
HjSOi, and acetic, HC^HjOa 

1 0. Properties of Bases 
Solutions of hydi oxide-bases, such as 
NaOH, are bitter in taste They also pro- 
duce definite color changes m solutions of 
indicators; they change led litmus to blue 
and colorless phenolphthalem to red. They 
supply hydroxyl ions to react with hydrogen 
ions of acids to form watei and with other 
ions to form other hydiox'ides; for example, 
a precipitate of slightly soluble cupnc hy- 
droxide, Cu(OH) 2, is foimed in a solution 
to which sodium hydroxide and cupiic 
chloiide are added The most frequently 
used hydroxide-bases in the laboratory aie 
sodium hydroxide, NaOH, potassium hy- 
di oxide, KOH, calcium hydroxide, Ca(OH)2; 
and ammonia, which may leact directly as a 
base (see above), or which forms with water 
a solution containing ammonium hydi oxide, 
NHi^ and OH~ 10ns 

NHs + HOH ^ NH4+ -b OH'-, 

Solutions of these substances aie fiequently 
described as alkaline, 

1 1 . Oxides 

The gioup of oxides includes many sub- 
stances that have veiy diveise physical ap- 
pearances The list includes, for example, 
such diveise substances as caibon dioxide. 


which is exhaled from the lungs and which 
is present in the gases that escape from 
burning wood or coal, the oxide of iron, 
Fe208, which we know as iron lust, the black 
oxide of copper, CuO; quicklime, CaO, and 
silica, S1O2, which we Icnow best as sand 01 
quartz Many of the oxides of non-metals 
aie gases (CO2, 8O2, and NO), but those of 
the metals are solids Hence the oxides as a 
class possess few physical properties m 
common Chemically, they also differ 
widely, and to find common properties that 
allow us to discuss them as groups of 1 elated 
substances we must further classify them as 
oxides (1) of non-metals and (2) of metals 

12. Oxides of Non-Metals 
The oxides of the non-mctalhc elements 
that react with water foim acids (page 70 ) 
and aie called acidic oxides. 

CO2 + H2O -t- H2CO3 

This is not a general method of producing 
acids, since theie aie several acids (HCl 
HBi, HI, etc ) that contam no oxygen The 
composition of each of the inorganic acids 
that contam oxygen, however, can be repre- 
sented in terms of the combining proportions 
of water and the oxide of some non-metal 
Thus, chloric acid, HCIO3, may be regarded 
as foimed fiom one molecule of water and 
one molecule of the oxide, CbOs 

CI2O3 + H2O — > 2 HCIO3 

Oxides that react with water to form acids, 
or that may be iormed by the removal of 
watei fiom acids, are called acid anhijdndes 
The student is advised to determine the 
anhydiides of the following acids nitnc, 
HNO3, nitious, HNO2, SLilluious, HaSOsi 
Biilfuiic, H2SO4, phosphorous, H3PO3, phos- 
phoiic, H3PO4, hypochlorous, HClO; arsenic, 
H3ASO4, carbonic, H2CO3, boiic, HaBOg' 
iodic, HIO3; and silicic, HaSiOg, 

13. Oxides of the Metals 

The oxides of the metallic elements react 
with water to form hydroxides, which, if 
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soluble in walGr, give Holutions containing 
the hydroxyl ion and are thcrefoie said to 
act as base's The oxides of sodium, potas- 
sium, calcium, stioiiiiiiiin, and baimm react 
very readily with uatei Tlie reaction ot 
calcium oxide (ClaO), which we call “quick- 
lime,” with water is veiy vigorous When 
water is poiiu'd upon lumps of lime, huge 
quantities of heat are evolved, and this heat 
changes some ol the wati'r into steam The 
lumps of lime swc'll and then crumble to a 
fine, white powdei consisting ol “slaked” 
lime (calcium hydroxid('). 

CaO -h H2O — ('a(OH)2 

Some of the oxides react veiy slowly with 
water — the oxides of magnesium and 
silver, foi examiile Otliem do not appeal 
to leaet at. all Heiieo, as 111 the case of 
oxygen-aeids, leaetion with water is not a 
geneial method ioi the pioiiaration of all 
hydioxides An mdiieet ineUiod of jirepara- 
tion IS often iisi'd If wo wisli to prepare a 
sample of ft'i'i'ic hydi oxide, foi example, tlie 
following leaetion is easier to employ and 
pioduoGH a much nioie dolimto pioduet. 

(Fe-H-t- + 3 ( '1-) -I- 3 (Na' -I- OH") 

he (OH), I + 3 (Na'- -h 01-) 

Since ierne hydi oxide is slightly soluble, 
it IS easily sepaiated by Idtiation fiom the 
sodium diloiide, which icmaiiis 111 solution 

14. Hydrous Oxides 

The hydioxides ot many of the metals aie 
only slightly soluble When they arc pio- 
duced, as shown above for feme hydroxide, 
Fe(OH),,, tlie substance that precipitates i.s 
not always tlie same. Because ol this vaiia- 
tion 111 composition and lieeauso, 111 writing 
equations, it is much iiioic convciiicut to 
represent the precipitated substance as a 
noimal hydroxide, e g , Fe(OH)a, the actual 
composilron is usually not indicated Ac- 
tually, the gelatinous piccipitates that are 
pioduccd when a soluble hydroxide, such as 
NaOH, IS added to a solution of a salt of a 
metal, such as FeCb, are hydtouh oxides to 


OF COMPOUNDS 

winch, in the case of non, we might assign 
the formula, FeaOa (HaOl^, in which n has 
diffeient small integral values depending 
upon the conditions under wluch the com- 
pound IS pioduccd The formula FeaOs 
(HaOla would correspond, of course, to the 
normal hydroxide, 2 Fe(OE[)3 Othei metals 
that foiTU hydrous oxides are lead, alumi- 
num, chromium, and tin 

1 5. The Structure of Oxides 

The oxides of the metallic elements aie ionic 
compounds, in then solid states their stuictuies 
aio ciystalliiie patterns ot 10ns Calcium and 
magnesium oxides, foi example, foim ciystals 111 
which 10ns of the metals and of oxygen, 0“, aie 
aiianged m a definite pattern, called a ciystal lat- 
tice Figiii e 76 shows the lattice of calcium oxide 

The oxides of the non-metallic elements aic 
covalent compounds and thoiefore aie composed 
ol molecules In then solid states these com- 
pounds also foim ciystals, but the [laitioles of 
which their stiuctiucB aie composed aic mole- 
cules instead of 10ns 

16 The Names of Oxides 

The naming of the oxide of an element that 
combines with oxygen in a single proportion 
is a simple matter Thus, we speak of eal- 
cimn oxide, magnesium oxide, and so on 
But some elements form two, tliiee, four, or 
even five oxides, c-learly, the several oxides 
ol an eiemoiit cannot all bo called by the 
same name In different oxides, of course, 



Figure 76 Crystal Structure of Calcium Oxide 
Shaded Circles Represent Atoms of Oxygen 



uo 


GENERAL CLASSIFICATION OF COMPOUNDS 


the metal displays diffeient valence num- 
beis If an element forms only two oxides, 
the names assigned to the two compounds 
may differ only m the ending affixed to the 
name of the element The ending -ous is 
used to denote the lower valence and the 
ending -ic to denote the higher Thus, we 
have two oxides of mercury, copper, iron, 
and tin 

HgsO, mercurous oxide FeO, ferrous oxide 
HgO, mercuric oxide FejOa, ferric oxide 
CuaO, cuprous oxide SnO, stannous oxide 
CuO, cupric oxide SnO,, staniuc oxide 

This system of terminology is applied to 
the oxides of seveial metals Most of the 
oxides of the non-metals and those ot all ele- 
ments that form several oxides aie named m 
a difteient manner Very often the name 
indicates the number of oxygen atoms in a 
molecule 

CO, carbon monoxide PjO,, phosphorus tetroxide 
COi, carbon dioxide NjOj nitrogen pentoxide 
BijOj, liismuth trioxido PbOj, lead dioxide 

17. The Names of Acids and Hydroxide-Bases 
Acids that contain the same elements — 
HjSOs and H2SO4, for example — must have 
different names If theie are only two such 
acids of a non-metalhc element, the endings 
-om and are used as in the naming of some 

oxides The fonncr is used to designate the 
acid in which the non-metallic clement has 
its lower valence number, thus, for the two 
acids of sulfur, H2SO3 is sulfurous, and 
H2SO4 is sulfunc acid The anhydudos of 
these two acids are sulfur dioxide, SO2, and 
sulfur tnoxide, SO3, the valence numbers of 
sultui in the two compounds aie 4 and 6, 
lespectively 

If theie aie nioie than two oxygen-acids 
ot the same element, they cannot be dis- 
tinguished by the use of two suffixes Thus, 
them aie foui oxygen-acids of chloimc, 
HGIO, HC'lOa, HCIO 3 , and HClOi Their 
anhydrides are C1,0, CI2O3, GW,, and ChO,, 
lespectively The names chlorous and chloi ic 
are assigned to the second and thud acids, 
lespectively The fiist, HClO, shows a 


smaller combining capacity of chlorine than 
chlorous acid, HCIO2 It is also called 
chlorous acid, but the prefix hypo is added to 
distinguish it from HCIO2 The fourth acid 
lepiesents the lughest combinmg capacity 
of chloi me The prefix per- is added to 
distinguish this acid from HCIO3 

Acids which contain only two elements are 
called binary acids and aie named by attach- 
ing the piefix hydro- and the suffix -^c to the 
name of the element combined with hydro- 
gen The name is sometimes shortened, as 
m hydrochlonc acid, Othei binaiy acids are 
hydrosulfuric, H2S, hydrobromic, HBr, and 
hydnodic, HI The names and foimulas of 
the hve acids of chlorine are listed below. 

HCl hyrlroaiAonc acid 
HClO fii/pochloioi(.s acid 
HCIO2 chloi ows acid 
HCIO3 ohlouc acid 
HClOi perchloi ic acid 

If a given metal forms two hydi oxides, the 
suffixes -OMs and -ic are added to a shortened 
form of the name of the element Thus, 
Fe(OH)2, and Fe(OH)3 aie called ferrous and 
feme hydi oxide, lespectively 

18 The Names of Salts 

The names of salts that contain only two 
elements consist of two parts. (1) the name 
of the metal from whose hydroxide the salt 
IS piepaied, 01 the name of the positive 
radical, such as NH4+, and (2) the name ol a 
non-metalhc element (the name is usually 
shortened) to which the suffix -tde is at- 
tached If the second poition of the salt i.s a 
radical (as m MgSOi, NaNOa, etc), the 
second word is the name of this ladical 
The names of these radicals uhually end in 
-ale Thus, ClaC’O.j is calcium oaibonate, 
MgSOi IS magnesium sulfate, KCIO3 is po- 
tassium chlorate, and so on But if there aie 
two or moie ladicals, showing different com- 
bining capacities ot the same non-metal with 
oxygen, different endings and prefixes must 
be employed, as in the naming of acids The 
salts coi I esponding to the -ous acids are given 
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names ending in -%te Those that correspond 
to the -^c acids are distinguished by the 

suffix -ale For the “hypo ons” acids the 

eoiiespondiiig salts aie the “hypo ites ’’ 

The “pel' ic” ac.ids form salts which are 

named the “pci—-- -ales ’’ Thus the lour 
sodium salts of the oxygen-acids of chloiine 
are 

Na('K), sodium hypochlorite 
Nat'lOa, sodium chlorite 
NaC'lOs, sodium chloiate 
NaClOi, sodium perelilorate 

The sodium salts of sulfiiious and sulfuric 
acids are 

KiijFO], sodium siiKilc 
Na'jSOi, sodium sulfate 

Most metals foini only one oi two salts 
with chloimo, bioinine, iodine, suliiir, and 
other non-metals Ileiicc', the endings -oics 
and -ic siifliee to disiiiiguish between two 
binaiy salts of the same elements CAiC'l 
and CuCb aie eupioiis and eutnic ehloiides, 
HgCl and IIg( 'b ai e inc-reurous and mercuric 
chlorides, and Fef'b and FeCb aie feuous 
and ieriie chloiidi's, respeeti\ely 

19 Classes of Salts 

Salts are \ei> miiueious In fact, they 
constitute one oi the laigest classes of sub- 
stances They may be classified either upon 
the basis of the metals fiorn which they aie 
formed, or by giouiis eontruniiig the same 
radical oi non-metal Thus, we may con- 
sidei them asgioups of sodium salts, calcium 
salts, non salts, and so on, oi wo may classify 
them as ehloiides, iiitiales, etc , ot dilfercnt 
metals. Mach group shows cei tain piopeities 
common to all its memliers I'or exainph', all 
sodium salts imparl a yellow color to a (lame, 
and they uxiet m otliei ways that are chai- 
actcristic of the sodium lather than of the 
entile salt Similaily, all nitrat.es have cer- 
tain common jiiopeities, such as solubility 
in water 

20, Inorganic and Organic Compounds 

All the salts, all the bases, and all the 
acids except acetic that have been men- 


tioned in this chapter are classihed as tnor- 
ganic compounds, because they are associ- 
ated with inanimate materials Many of 
them aie piodiiced from oies, locks, and 
minerals, such as salt, sulfur, limestone, 
quaitz, and the ores of iron, copper, and 
other metals, the oxygen and mtiogen of the 
ail and, sometimes, water enter into the for- 
mation of some of them Most organic com- 
pounds, on the other hand, aie related di- 
rectly oi indiiectly to living mateiials — 
plants or animals Many organic substances 
aic obtamed diiectly fiom plant and animal 
souices siigai fiom beets and cane, quinine 
fiom the bark of one tiee, and lubber fiom 
the sap of anothei, fats from animals and 
from com, coconut, and olives, and musk 
from the musk ox Many otlieis, howcvei, 
aie only indiiectly related to loims of life, 
some of these aie pioducod by the destuic- 
tive distillation (heating in the absence of 
ail) of coal, wood, and otliei like mateiials 
Still otheis are obtained directly liom petro- 
leum which, like coal, is a pioduct — accord- 
ing to the most generally accepted theory of 
its formation — of changes m the lemains of 
once living mattci But most of the com- 
pounds now known to organic chemistry arc 
synthesized, sometimes by many consecutive 
icactions, fiom the lelatively simple mateiials 
obtained fiom coal, peti oleum, and similar 
sources, and fiom still simplci substances 
such as water, hydiogen, oxygen, chlorine, 
nitrogen, and sulfin Many compounds thus 
produced do not exist in plants or animals, 
and they aie not found among the pioducts 
of then decay Thus, mtroglvcenne does 
not occur in any living matoual or m any 
product of natural oiigin It is pioduced by 
the action of nitiic acid — which may lie 
pioduced iioni mtiogon, oxygen, and watoi 
— upon glycerine obtained fiom vegetable 
and animal fats Nitioglycerine may there- 
fore be classified as an organic compound 
Not all organic compounds are related even 
as closely as nitroglycerine to organic materi- 
als, living or dead; some of them can be 
built up, at least in part, fiom almost purely 
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inorganic substances such as the nitrogen of 
the air, water, limestone, and coal oi coke. 

Neveitheless, we have always been de- 
pendent, directly or indirectly, upon organ- 
isms for most organic compounds To be 
suie, we have synthesized many natuial 
products. Wohlei was the hist to accom- 
plish such a synthesis In 1828, he synthe- 
sized 111 ea (CO (NH 2 ) 2 ) Previously, this sub- 
stance had been known only as a product of 
the decomposition of mtiogenous substances 
in the bodies of animals and had been pre- 
pared from the liquid excrement of animals 
Since 1828, many natuially occurimg sub- 
stances have been made m the laboratoiy 
We have produced dyes (indigo, for ex- 
ample), perfumes, medicines, flavors, and 
many othei types of substances which are 
chemically identical with substances found 
in oiganic natuie Indeed, we have gone 
much faither We have synthesized pei- 
fumes more liagrant, medicines moie power- 
ful and effective, dyes moie bulliant in color, 
and flavois at least as tasteful as any of 
those which nature pi educes We are no 
longer dependent upon wood for methyl 
(wood) alcohol, foi it can now be synthesized 
fi oin carbon monoxide and hydrogen Many 
other syntheses of important products might 
be mentioned Neveitheless, it is difficult to 
get away from oiganic material as the start- 
ing point of such syntheses Even the car- 
bon monoxide used in the synthesis of methyl 
alcohol IS pioduced by the partial combus- 
tion of the caibon m coal or coke Although 
we no longer depend entirely upon the rub- 
bei tiee foi oui supply of lubber, the aitifa- 
cial product now manufactuied to take its 
place contains in its molecules atoms of 
caibon that ])iobably weie once paits of 
living forms oi matter 
This brings us to the impoitance of carbon 
in organic compounds, foi this element is 
piesenfc m all of them, organic compounds 
usually contain hydrogen also, many of 
them contain oxygen as well, and some 
contain other elements, such as nitiogen, 
sulfur, chlorine, biomme, iodine, and even 


metals Only carbon, however, is common 
to them all, hence, organic chemistry is 
sometimes defined as the chemistry of the 
compounds of caibon 

Theie are more compounds of caibon than of 
all the othei elements combined Aheady more 
than 300,000 have been prepared, and theie ap- 
pears to bo no limit to the possible number. Al- 
though the number is exceedingly gieat, most of 
these compounds can be classified in a lelatively 
few gioups Some of the moie impoitant groups 
aie acids, alcohols, etlieis, caibohydiates, hydio- 
caibons, proteins, esters, aldehydes, and ketones 
Each gioup consists of compounds whose mole- 
cules aie somewhat similaily constituted oi con- 
tain, at least, a common ladical or gt oup of atoms 
The membeis of a class possess many propeities 
in common, and they icact with the same types of 
compounds and foim the same lands of pioducts 
The alcohols, foi example, leact with acids to 
foim eslcis 

Ofher Classes of Compounds 

By no means all compounds fit into the ab- 
bieviated classification offcied m this chapter 
There is no gioup to which watei can be said to 
belong Its formula is written, sometimes, as 
HOH, since it often leacts by fiist dissociating 
into H and 011“ ions For this reason it is botli 
an acid and a base, but unhlce oidmary acids 
and bases it always supplies one hydiogen ion 
foi each hydioxyl ion, It is, theiefore, just as 
stiong an acid as it is a base, but no stiongei 
Many othei compounds, paiticularly compounds 
of the non-metals, aie membeis of none of the 
gioups winch we have mentioned Thus, carbon 
tetiachloiide (CCb), caibon disulfide (CS 2 ), phos- 
phoms tiicliloiide and pcntachloncle (PCI3) and 
(PCI 5 ), sulfui chloiide (SiCh), and many othei 
compounds of a similar character cannot be das 
sifiecl as salts, although then foimulas may indi 
cate some relationship The chloiides of motah, 
(true salts) are .solids which geneially show veij 
little tendency to evapoiate at ordinal y tempei 
atui es With a few exceptions, they are moi e sol- 
uble m watei than m any othei hquid, such as 
alcohol or cai bon tetrachloride In the pure fused 
state and in aqueous solutions they are conductors 
of the electiical cuiient The sulfides of the 
metals, although not veiy soluble as a rule, possess 
approximately the same chaiacteiistios as tho 
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ohloiides and display in Rciioial the typical be- 
havioi of salts The siillides of the noii-iiietalh 
(carlion disulfide, for example) are Keiieially 
liquids oi pises at oidiiiaiv teiuiieiatuies, aie as 
a lule moie imseilde with oi'puiie liquids than 
with water, and aie nou-fouduefcois 'I’hesaine is 
true of the cldoiides of the iioii-inelals Caiboii 
tetiachloride, foi exaniph', lesemhles eaiboii 
disulfide and is entiiely dilfeieiit in appeaiaiiee, 
properties, and heluiMoi fiom sodium eliloiide 
The salts of tlie metals - NaCl, foi example — 
ai e composed 0 f ions, while the cm 1 espond iiiK com- 
pnundsof the non-metals - - t't'b, foi exanqilc — ■ 
aie composed of atoms that shaie elections 

Review Exercises 

1 Define tied) ohjle What classes ol coni])ounds 
act as eleetiolytcs in solution''’ 

2 Name tliiee eoinpoimds that aie not eleitio- 
lylos 

3 What is an lon'^ How uie ions produced in 
solutions of NaCl and NaOn'f 

4 IIow aie loiis piodueed tii uciiieotis solutions 
of siihsianees siUrli as IICC 

5 What ehantLG occnis when an aiiueoiis solu- 
tion containm(!; NaOll and IK'I ai(> mixed'? 

6 What piojicrties do acids have in eommon? 

7 What propel ties do aiiueous solutions ol the 
liydioxide-hnscs liaie in coiniiioii'^ 

8 How are salts inndiieed fioin aeids and 
hydi oxide-bases'? 

9 Define, acemdinti; to the lulmniation now 
heloieus, the following acid, base, salt 

10. Into what two classes are oxides dn ided upon 
the basis ol then loactioii with watei''’ 

11 Define acid and basic anliydiides 
12, What are the anhydiides of IldiOj, Il3As04, 
Al(()Jl)a, Ill>()„ lU’O,, and Mn(DI[)7? 

13 Itow aie aeids wliicii contain two elements 
named'/ Illiistiate 

14 Ilow aiu acids that eontiun thiee elements 
(one ol which is oxygen and one hydiogon) 
named'/ Illustrate 

15 Name AIn(OIl )2 and Mii(on) 3 , NeSOi and 
FedSOdj 

16 Name Na^COj, NaNO,, NaClO,, MgS 04 , 
Na3P04, Na^S, NaBi, NajSO^, and Na 4 .S 04 . 

17 Name the fom sodium .salts of the foui acids 
composed of hydiogen, chloiiiie, and oxygen 


18 What aie some of the impoitant souices of 
oiganic compounds'? 

19 What acids and what hycli oxide-bases 
must leact to foim the following salts'? 
Kd’Oi, CiiSO,, NIi,NO„ CaCOj, 

20 "What diffei enco m clieimcal behavioi justifies 
the foimnia ol IfClO foi this compound of 
eliloimo and KOII foi the cone.spondmg 
eompound of potassium'? 

21 'The formula foi aceitam eoinpouiul of aisenic 
is usually wiitten as HiAsO, instead of 
As(On)i Why slioiild one of these foimulas 
he prcfciied to the othei'? 

22 What weight of sodium hydi oxide is lOfpiiied 
to nenliahze completely 200 g of hydiogen 
chlmide dissolved m watci^ Express the le- 
(|uned weight of sodium hyihoxide as giam- 
moleculai (oi loimula) weights 

23 .Vmuiomnm sullate, (NHil^SOj, is an im- 
jioi taut constituent of fci tilnicrs How imioli 
ammonia would ho leqimed to pioduco a ton 
ol amniomum sulfate'? 

24 The anhyihidc of an acid contains 66 045 jiei 
cent of broiumo and 33 355 pei cent of 
oxygen What is the simplest formula ol the 
acid'/ 

2.5 What weight of silvei rhloiiile can be made 
fioin the chloiide inn available in a solution 
containing 100 g nf soduun chloride, assum- 
ing that an excess ol silvci ion is available? 

20 II 100 g each of silvci ion and cliloiide ion 
aie placed in the same .solution, and if tlio 
jirecijiilatc of silvei chloiRle that toims is 
icmoved by hlliation, diied, and weighed, 
what weight of silvei chlniide should be ob- 
tained'? Assume that piccipitation is com- 
plete 

27 How do pnlai and non-pnlat covalent com- 
pounds differ m .stiiicturo and in piojierties? 

28 What IS a molecular diiinle? Clive examples 
and slinw why tlie molecule must be coiisid- 
cied as a dipole 

References for Further Reading 
Ficnch, S J , The Drama of Chemistry 
Hammett, L P , Solutions of Elecirolyles, 2d 
ed , Now Yoik McGiaw-Hill Bools: Com- 
pany, 1935 

Acid.s, Bases, and Salts J Cheni Ed , 7, 782 
(1930), 12, 109 (1935) 
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WATER 


Everywhere water is a thing of beauty, gleaming in 
the dewdrop, singing in the summer ram, shining in 
the ice-gems till the leaves all seem to turn to living 
gewels, spreading a golden veil over the setting sun, 
or a white gauze around the midnight moon 

GOUGH 


1 Introduction 

The study of water, as we are to undeitake 
it in this chapter, is somewhat broader than 
the subject indicates We are to study the 
liquid state, and using water as an example, 
we shall consider many piopeities that be- 
long to the liquid state of many other sub- 
stances These include such phenomena as 
evapoiation, boiling, and fieezing Our 
study of watei, itself, is concerned, first, 
with the physical properties, which for this 
substance aie of more than usual impoibance, 
next, with problems connected with natural 
water, watei supphes, and punfication, and 
finally, with the chemical behavior of water 
and the charactei of certain substances called 
hydrates 

2. The Importance of Water to Plants and 

Animals 

The first chemical compound which we 
shall study is certainly the most familiar 
Our fainihanty with watei is due lo our de- 
pendence upon it All the tissues of our 
bodies aie bathed in it Dissolved or sus- 
pended in it, aie the vaiious substances 
which aid in one way oi another in the 
digestion of food These same foods, when 
digested, must be cairied to the various paits 
of the body m aqueous solutions Likewise, 
many waste products aie eliminated from 
the body as water soluble substances Even 
the oxygen which we bioathe must dissolve 


in water before it passes through the tissues 
of the lungs mto the blood The laige 
amount of water in our bodies — this is 
about 65 per cent of the body’s weight — 
aids in maintaining the average body- tem- 
perature Watei reqimes a relatively laige 
amount of heat lo raise its temperature a few 
degrees, and for thrs reason it is able to ab- 
sorb the excess heat of the body without the 
occuiience of radical changes in temperature 
Water also has a relatively high heat of 
vaporization More heat is lequired to 
evaporate one gram of water than one gram 
of many other substances Hence, the body 
IS cooled by the evaporation of watei from 
the skin. 

Plants depend upon water to an even 
greater extent than animals The plant 
receives all of the supply of nutuents that it 
extracts from the soil in the form of aqueous 
solutions In it are dissolved, also, the 
vaiioiis products involved in the plant’s 
biological activity The food which is mami- 
factuicd m the leaves is transported in solu- 
tion to the dilferent storage places, roots, 
fruit, seeds When a young plant starts to 
glow, this food IS again dissolved and is thus 
carried to the gi owing parts of the stiucture 
The plant also uses watei m the manufactiuc 
of its foods, starch and sugar are synthesized 
by plants from water and carbon dioxide 

Laige bodies of water gioatly affect climate 
In the smmnei , islands and lands neai lai ge Jakes 
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and the sea are enoled liy air that blows across 
fhem fiom the wiiloi A lelatively laigc amount 
i>{ heat must be lomovt'd fioin the an to raise the 
temperatuie of the watei a few degiees, as com- 
paied with the finaiitity usiuiied to raise the 
tempeiature of the same weight of air, rocks, 
and soil the same uuinhcr of degieca. As the 
water liecumes waitiiei iii the siiimnei, therefore, 
the air above it is cooled coiisideiably In tlic 
autumn the watei gives up heat to the an As 
the water’s leiiiiieiatiiie ilecn'usi's a few degrees, 
the (luaiitity ol heat ahsoihed by the air is 
sufficient to make its lempoiatuie consideiahly 
higher than the tempeiatuie of the an above the 
neaiby land W hen this waim an blows over tlie 
land, it piodiiees a warinei climate than would 
othei'wise pievail All these elfeets depend upon 
the fact that one giam of watei lecpiircs a laiger 
quantity ol heal to laise its tempeiatuie one de- 
gree than does one giam of air or most olhci 
substances oi inatei laK 

The samp piopeily of water — the lelatively 
laige ([uaiitity of heat leqiuied to raise the tem- 
poiatmo of one giam of water one degice — 
aocnunts foi its us(> in hot watei healing systems. 
When the water is heated, it ahsmlis huge (luaiiti- 
tics ol heat Wlu'ti the hot watei leaclics the 
radiaim.s, wIk'h' it cools, it loleases tlim heal to 
the an of the looni and the lest of the surround- 
ings Hot watei IS a good medium fm the tiaii.s- 
poitation ol heat fiom the hoilei looin to the lest 
of the liouse 

To the, so ini])orlant clfecbs and rises of 
water wc should add (1) the parts played by 
water and tee rn erohtotr and nr the weather- 
ing of rocks, both of which are important rn 
remakrirg and shairrtrg tlie eartlr’s surface, 

(2) the rrso of rutrnrrig or fallirrg water as a 
source of energy sc'cond only rn irrrpoitanee 
to fiiohs - coal, oil, and ga.s; and (3) the 
transiiortal.ion over sea.s, lakes, and rivers 
of the w'orld’.s eomiuerce 

3. Occurrence of V/afer 

Water rs irrescmt in almost all natural ob- 
jects and m aliiiost every part of the earth 
that man can reach There is water vapor 
in the air, and water in rocks and in the soil 
In addition to the wmter which wets many 
rocks or which is mechanically enclosed in 


them, some rocks contain it in chemical 
colnbmation with other substances of which 
they are composed This is true, also, of 
clay Even objects which appear to be dry 
may show a loss of weight when heated to a 
(craperature which will evapoiatc the watei 
that they contain without otherwise chang- 
ing their composition It is a general lule 
111 llie chemical laboiatoiy that a substance, 
however diy it may appear, must be exposed 
to conditions (such as a very dry atmosphere) 
which will remove all water present before 
the substance can be used in experiments 
wheie moisture is undesirable 

Watei is piesent in vaiymg amounts in all 
food Green vegetables may contain as 
much a,s 90 pei cent or even more Meat, 
milk, butter, and potatoes contain laige 
percentages of water, and even bread is not 
“diy ” 

4 The Preparation of Water by Chemical 

Reactions 

Water is hO easily obtained that method, s 
of picpanng it are unnecessary It is pro- 
duced, howevei, in a numbci of chemical 
reactions, most of which aie of interest and 
value not because they produce water, but 
because they are used to form othei sub- 
stances at the same time 

(1) Watei can be prepaicd by burning hydi ogen 
m oxygen (oi air) and by exploding a mixture of 
the,se two elements 

2 Ha -b Oa >- 2 IlaO 

(2) Water is also produced when substances 
containing hydiogen burn Examples of such 
substances aie methane (Clii) and alcohol 
(CJI5OII) 

CII,-l-2 0a >• COa + 2Ib() 

GaHBOH -f 3 O 2 — >- 2 CO 2 -f- 3 HaO 

(3) Watci is produced when hydrogen 1 educe, s 
oxides 01 other compounds containing oxygen 

FeaOd -1- 4 Ha — >■ 4 HaO + 3 Ee 

(4) The neutrahzation of acids and hydioxide- 
bases results in the formation of salts and water. 
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The acid .supplies hydrogen which reacts with the 
liydroxyl ion to form water. 

(H+ + C1-) + (Na+ + OH-) ■— > 

(Na+ + Cr) + HOPICHaO) 

(5) Most of the hydroxides of the metals can 
be decomposed by heating to form the oxide of 
the metal and water 

Ca(OID, — ^CaO + I-I 2 O. 

5. The Composition of Water 

C.avendish, m the latter lialf of the seven- 
leenth century, found that hydrogen (wluch 
he called “inflammable air”) burned in au- 
to form a liquid A study of the properties 
ol this liquid showed that it was pure water, 
but Cavendish did not recognize the com- 
plete meaning of his discovciy A few yeais 
latei, Lavoisier lepeated Cavendish’s ex- 
peiiments and properly explained them in 
aceoi dance with his ideas of combustion 
He clemon&tiated that Cavendish’s “inflam- 
mable air” was an element, which he gave 
the name hydrogen (page 105), and that 
the formation of water lesults when this ele- 
ment combines with Piiestley’s “dephlogis- 
ticatecl air,” which Lavoisier showed to be 
an element and which he named oxygen 
(page 64) 

A method of detei mining the proportion 
by weight of hydrogen and oxygen on watci 
has been clesciibed in a pievious chapter 
(page 30) The combining proportions by 
volume can he detei mined by usmg the elec- 
tric cuiiont to decompose water. This 
method is described on page 110 

PHYSICAL PROPERTIES OF WATER 

6. The Physical Properties of Water as a Gas 

Watei vapoi is the stable state of the sub- 
stance at tempeiatuies above the boiling 
point When in the vapor state, watei dis- 
plays the geneial ]ihybical beliavioi of other 
gases and obeys the gas laws with certain 
deviations as in othei cases The discussion 
of the piopertios of gases in Chapter 7 icn- 


deis unnecessary further treatment of the 
subject m connection with water. 

Water in the gaseous state consists of 
molecules which are widely separated and 
winch possess little attraction for one an- 
other When the liquid is changed to the 
gaseous state, encigy must be absoibcd to 
overcome the attraction which exists be- 
tween 1he molecules and to separate them 
against the force of this attiaction Due to 
the absorption of this energy, the gaseous 
state has a higher energy content than the 
liquid state of water This additional energy 
IS liberated, of course, when the substance 
changes its state in the reverse direction 
Wlien one gram of water changes mto watei 
vapor at 100° C , the quantity of heat ab- 
soibed amounts to 639 calorics This is 
called the heat of vaporization (per giam) 

The gaseous state of water is often called 
steam The teim steam is also applied to 
the clouds of condensed inoistuie that form 
when watei vapoi is cooled In the strict 
sense, it seems to be dcsii able to speak of the 
clouds of condensed moisture as steam and 
the invisible water in the gaseous state as 
watei vapor The lattci tenn. (vapor) is 
usually applied to the gaseous state of a 
substance when it exists as such below its 
critical tempeiatine 

The student should not think of 100° C , 
Ol any other specific temperature, as the 
temperature at which liquid water changes 
into the vapoi. In an open vessel, the liquid 
i,s changing into impoi at all tempera tuies 
Even ice evapoiates The diffeionce be- 
tween boiling and the slower evapoiation 
that occurs at temperatures below the 
boiling point will be explained m a later 
section of this chaptez (page 172) 

7 The Physical Properties of Water as □ Liquid 

Pure water is odorless and tasteless 
Natural waters often possess taste and some- 
times odoi because of substances dissolved 
m them In thm layers water appears coloi- 
less, but in thick layers it has a bluish-gieen 
color It is a very poor conductor of elec- 
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tiTCity. At the average pressure of the at- 
mospheic at aea lov('l (7()0 mm ) it boils at 
100° C The boihiij>: point is lower at re- 
duced pressure At an odevation of 7000 
feet, where the iirossiire of the atinosphoic 
is consiclerulily less than at sea level, the 
boiling point is Oli”, and at an elevation of 
30,000 feet it is about 70° (!. The freezing 
poinl of walior is 0° ( ' 

The dausity of water (weight, per unit of 
volume) vanes with the t.einpmiture. The 
maximum density i.s leaehed at 4° C Both 
above and below this temperature the den- 
sity decreases Tins peculiar property is 
of extremely great importance Because of 
it, water freezes from the top downward 
rather than fiom the bol.torn upward. The 
Mater in the iippm layeis is cooled by the 
air with which it comes m contaet As it is 
cooled, the density increases and tlio water 
.sinks Tins iiroeess cent mnes until Llio water 
reaches a teinporaturo of d° (! As it cools 
still I'mthor, tlu' densit.y deei eases, and hence 
the coldci watei remains on top whoic it 
fieezes, When watm changes into ice, still 
fuitlier expansion oeeuis, and tlu- lec, .since 
it is the hghl.er, floats in the watei, tins 
condition al.so lud.s in eaiming water to fieezc 
from the suifaee downwind 

CriANcu IN Tiih Dknstty of Watkii 
Ib.'I'WKFN 0° AND 100° 


Temiii’iatiiie 

1 Ifiisity 
g per (■(', 

100 

0 O.OH 

80 

0 072 

00 

(t <183 

40 

0 ‘)02 

20 

0 908 

10 

{) 0007 

4 

1 000 

0 

0 0908 


8. Units of Measurement Based upon the 
Physical Properties of Water 
Since water is the most lamiliai of all 
liquids, and since it can be obtained readily 
in the pure state, many common units of 


measurements are defined with reference to 
it.s properties, Among the.se the following 
are important The unit of heat is the 
caloiie This is the quantity of heat re- 
quired to laise the temperature of one gram 
of water one degree (C ) at 15° The 
specific heat of any substance is defined as 
the quantity of heat (in calorics) required 
to laise the temperature of one gram of the 
substance one dcgiee The aveiage specific 
heat of water is one, although it varies some- 
what with the tempeiature The Cenlzgtade 
scale of tempemiure is based upon a zcio 
which IS taken as the fieezmg point of watei 
and a temperature of 100° which is de- 
termined as the boiling point (under standai d 
pleasure) The Centigrade degree is, theie- 
foie, one one-hundiedth ol the dilfeience in 
temperature between the freezing and boil- 
ing points of water The weight of a unit- 
volume (1 cubic centimeter) of water at 
4° G has been chosen as the standai d density 
foi iKpiids and solids The weight of one 
culnc centimeter of a substance, as compaied 
to the weight of an equal volume of watci 
(usually at 4° C ), IS called the specific gravity 
of the substance Thus, the specific gravity 
of alcohol may be ieprc.sented as = 
0 798 This means that one cubic ccnti- 
metci of the alcohol under examination 
weighs 0 798 times as much at 25° as an 
equal volume of watci weighs at 4° 

9 Water as a Solvent 

Due to its great abundance and also to the 
great number ot substances that dissolve in 
it, water is moie often employed as a solvent 
than any other liquid In fact, it is so fie- 
qiiontly used as the solvent that a solution 
i,s a.s.sumod to be aqueous unless some other 
solvent IS .specified Even glass and many 
othei appaiently indissoluble substances ac- 
tually dissolve m water to a slight extent 
The solubility of glass in water is pronounced 
enough to make glass vessels imsuited foi 
the storage of veiy puie water, this solubility 
depends, at least to some extent, upon the 
abihty of water to leact chemically with 
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certain substances contained in the glass 
The solubility of many substances is in- 
creased by reactions between the water and 
the substances that dissolve 
We sometimes speak of sulistances as "insol- 
uble ” in water We mean that they are lelatively 
little soluble as compaied with other substances 
which dissolve more leadily and in larger quanti- 
ties Thus, 6 7 gram-molecular weights of cal- 
cium chloride dissolve in 1000 grams ol water at 
20°, while only 0 00000001 gram-mol weight of 
silver iodide dissolves in the same quantity of 
water at the same temperature Relatively 
speaking, therefore, calcium eldoride is readily 
soluble, while silver iodide is “insoluble,” or more 
stiietly speaking, "very slightly soluble” 

10. The Properties of Heavy Water 
One gram ot heairy water, oi deutenum 
ox%de, DjO, can be obtained from about 
25,000 grams of oidmary water and sells for 
about $1 25 per gram. Salts have shghtly 
different solubilities in H 2 O and D 20 , and 
substances produced by reactions mvolving 
the two oxides (such as NaOH and NaOD) 
have some differences Deuteuum oxide 
has the following physical properties, den- 
sity, about 11, freezing pomt, 3 8° C, 
boiling pomt, 101 4° C , vapor pressure at 
100° C,, 721 mm It appears to be toxic to 
some forms of animals and plants. 

1 1 The Physical Properties of Wafer as a Solid 
At 0° C , under oidmary conditions, water 
freezes, foimmg the solid state which we call 
ice We cannot say that this is the tempera- 
ture at which water begins to freeze Under 
oidmary conditions water does freeze at this 
temperature, but it is possible to cool water 
several degiees below 0° before freezing be- 
gins Water which is cooled below 0° with- 
out the formation of ice is said to be under- 
cooled This condition results only when 
watei is cooled in the absence of any ice, in 
a container with smooth walls, and when the 
liquid is not agitated If a piece of ice is 
dropped into undercooled watei, freezing be- 
gins immediafely, and the tempeiature rises 
to zei 0 and remains at that pomt as long as 


there is any liquid. Hence, properly speak- 
ing, 0° C is the temperature of a water-ice 
mixture If heat is added to the mixture, 
the ice melts and the temperature remains 
at 0° until all of the solid has disappeared 
This tempcratuie is called the freezing point 
of watci 

Wlien one gram of ice melts at 0° C , 79 
calories of heat is absorbed, and when the 
same weight of water freezes, 79 calories of 
heat IS hbeiated This heat is called the 
lieai of fusion (per gram) The liberation of 
energy as water freezes is due to the loss 
of kinetic energy by the molecules when they 
change to the moie closely packed and regu- 
lar pattern of ice As ice melts, energy must 
be absorbed, of couise, to teai down the 
ciystal patterns of icc and to give the mole- 
cules the added kinetic energy which they 
possess in the liquid state 

Expansion occurs when water changes into 
ice The amount of the expansion is about 
one eleventh of the volume of the water 
This means that each liter of water at 0° 
becomes 1 09 liters of ice at the same tem- 
perature Because of this expansion, pipes 
burst when the water in them freezes For 
the same reason ice floats on watei An 
icebeig IS a floating mass of ice, and since its 
density is only slightly less than that of sea 
water, the greater pait of its volume is suli- 
merged The freezing of watei in ciacks in 
rocks has much to do with the weathering 
and crumbling of rocks and the formation oi 
soil The freezing of watei in the soil has 
an unpoitant influence upon the physical 
properties of the soil Soil which has been 
exposed to the ficezing and thawing of 
winter weathei is opened up and is made 
moie poious and "mellow ” This is at least 
one reason why flelJs which aie to be 
planted in the soring aie sometimes plowed 
m the iall 

“Snow” ciystals are foimed m many 
beautiful patterns These are extiemely 
small, but if they were allowed to "grow,” 
they would display common tendencies of 
development and would pioduce larger 
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crystals of idcnlical form The vanons lace- 
like ciystals of snow are chic to the more 
rapid giowth of the ciystal m some direc- 
tions than in otheis 

THE CONVERSION OF LIQUID 
INTO ITS VAPOR 

12. Evaporation 

Although uuilecular atl ruction is far 
greatei in the liipud than in the gaseous state, 
we cannot think of the' molecules of the liquid 
as at rest hlveii m solids, molecules appear 
to be nioring, altliough then motions aie 
limited to \'i)irationH about Iked points At 
a dehmte Icmpeiuluie, the avi’ingc kinetic 
cneigy of the molecules of a la pud is con- 
stant, hut this does not moan that all of the 
molecules ai(* nan mg w il h (ho same velocity 
If wo could e\aniui(‘, at some one, mstarit, the 
individual molecuk's vilhin a given volume 
of luiuid, we should eeihuiilv (md that the 
velocities ol some aie considerably gi cater 
and of otlieih considerably less than tlic 
avciago Lei. us consider a luiuid in which 
the aveuigc kinetic eneigy of the molecules 
IS ]Uht about suHieu'Ut to ha, lance the attiac- 
tioii that holds them togeihei Tlio slowei 
molecules aie lield together moie firmly 
than those that possess the aveiage kinetic 
cncigy, hut the more lapidly moving mole- 
cules aie able to ovei come the binding effects 
of this all! action and may escape thiongh 
the .surface ol the h([nid inl.o the space above 
Thi,s (’.scape is called cvapouition 

Since tlic axciaae kmctic ciiciav of tfic iiiole- 
ouleh IS tliimglU, always to he tlic same, at a uncii 
tompciahiK’, the iicnenlaae of molecules jiossc'.ss- 
ing vcloeilies aieatei than l.h" a\(’iage is always 
the same at. that Icmiicialuie T’liv means, tlicse- 
foie, that the mimliei ol iiuileeiiles that esiapo 
till (High a iletimh' aiea on the sin face, in the same 
peiKiil of tune, is always the same at the ••aiiie 
tein])eiatine Ih'iue, (he lal.e of evapoiation of 
a IkiukI at eonstaiit teiniieialme is constant, iiio- 
vidcd the eondition of the spin e above the .siiilaee 
of the liquid does not ehaiif'e, i e , the quantity of 
vapoi in a definite volume dotts not ebango 

Only the molecules veiy near the suiface of a 


liquid at ordinary temperatures have an oppor- 
tunity to escape Those that escape must, in 
leality, have velocities greater than the average 
velocity of the molecules in the body of the 
liquid The lattei aio pulled equally in all direc- 
tions, but the former have no molecules above 
thorn and are pulled, therefoie, towaid the cente'’ 
of the liquid The molecules which escape from 
the suiface must oveicome this downward uige 
When ficed, the molecules act as typical gas pai- 
ticlcs If the vessel is open, they diffuse into the 
Buuouiuhng spae,e, and evapoiation continues 
uutil the liquid disappeais 

The molecules that have the greatest 
velocity aie the ones that escape, theiefoie, 
the aveiage velocity and the average kinetic 
energy ol the molecules leit in the liquid arc 
1 educed as evaporation proceeds Since heat 
IS molcculai motion, the quantity of heat 
cneigy for a given numbei of molecules, or 
wc'iglit of water, is also i educed and so, too, 
IS the tempeiatuie Evapoiation always re- 
.sults, thcieloie, m cooling effects 

Evaporation would soon cea,se, oven in an 
open vessel, if the moie slowly moving niole- 
culos did not acquire sufficient energy to 
permit them to escape fiom the attraction 
ol tlieir fellow ptu tides in the liquid Evap- 
oialion does not cease, however, because heat 
IS ahsoibcd fiom the sunoundmgs, which are 
coolal accouhngly as a lesult ot the evapora- 
tion of the liquid This cooling effect is used 
m ictrigeration Foi such purposes watci is 
not as satisfactoiy as many lupuds, such as 
ethyl 01 methyl chloride, sulfur dioxide, or 
ammonia These liquids evapoiate very 
lajiKlly and therefoie exhibit gi cater cooling 
eflccts tliaii watci 

13 Equilibrium Between a Liquid and Its Vapor 
If sufficient luiuul in piopoition to the 
space above it is placed in a closed vessel, 
evaiioration does not pioceerl to completion 
In an open vessel t.he escaping molecules 
ditfuse away into the sui rounding space, 
and only occasionally does one icbound into 
the liquid as the lesult of a collision with a 
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Figure 77 

In a dosed vessel molecules escope from Ihe i(£]ufd into 
the vapor state Some molecules of vapor also return to 
the liquid Eventually, a state of equilibrium is attained 
(right) 

moJeGule m the air Let us consider the case 
of a liquid which partially fills a closed vessel 
The space above the liquid contains some 
vapor, and this exerts a pressure — - called 
the vapor pressure — upon the suiface of the 
liquid and upon the walls of the container 
If the space contains an or othei gases in 
addition to water vapor, then the pressuie 
due to the latter is, stiictly speaking, the 
paiHal pressuie of watei vapor The mole- 
cules which escape from the sui face travel in 
stiaight lines until they stake the walls of 
the vessel or until they collide with other 
molecules Some of them will be deflected 
in a direction which caaies them back even- 
tually to the suiface of the liquid Hei e they 
may be caught and held by the same atti ac- 
tive forces that held them before then- 
escape. The number of particles which 
1 eturn to the liquid depends, evidently, upon 
the number of molecules in a definite volume 
of the vapor At fii &t, this number is rela- 
tively small, and the partial piessure of the 
water vapor is correspondingly small Hence 
more molecules escape into the vapoi .state 
than return to the liquid in a definite iieiiod 



Figure 78 

Equilibrium is established again when the space above 
the liquid IS increased 


of time The number of molecules of vapor 
gradually increases, and, with increasing 
numbers, moie and more return to the sur- 
face and penetrate into the body of the 
liquid Ultimately, a state of equilibrium 
must be attained, when the numbei escaping, 
01 evaporating, fiom the liquid is the same 
as the number returning, or condensing, and 
hence the relative numbers of molecules in 
the vapoi and liquid remain unchanged as 
long as equilibrium is maintained Wo must 
not think of either evaporation oi condensa- 
tion as ceasing They proceed at the same 
rate, and the equilibrium is dynamic rather 
th<an static in character A molecule on the 
suiface of the liquid at one instant may be 
a molecule in the vapor state the next in- 
stant, but foi this molecule, which has 
changed into the vapor state, another must 
have returned to the liquid When the 
equilibiium condition has been reached, the 
partial pressure of the water vapor m the 
space above the liquid reaches its maximum 
value for a given temperatuie 
The state of equilibrium may be destioyed 
by changes of conditions that affect the 
relative numbers of molecules leaving and 
returning to the liquid Thus, the pressure 
of the vapoi is suddenly reduced by i emov- 
mg the cover and allowing expansion to 
occur Let us assume that the expansion 
carries the gas into another vessel placed 
above the first container (Pigure 78). 
Since the molecules aie now scattcied 
through a larger volume, the number striking 
a unit of area on the suiface must be smaller 
than the number striking the same area be- 
fore the expansion The escape of molecules 
from the liquid pioceods, howevci, at the 
same rate as beioio, and for a time more 
paiticles will leave the surface than leturii 
to it This causes an increase in the number 
ot molecules of vapor Finally, a state of 
equilibrium will again be established Since 
the late at which the molecules escape has 
lemained unchanged, the new state of equi- 
libiium must be identical with the first, the 
pressuie that the molecules exert upon a 
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unit of the surfiiee (or upon tin' wnlls) will 
be the siinie iib betore 11 the kikico int.o 
which the vaiioi is ullowod to ovpand la 
sufficiently huge so that all the hfiuid luuKt 
evapoiatc to piodnee the required niimbei 
of molec.iileH ol \apor, equilibrium cannot be 
eslablished but if iinv liquid, regardless of 
howliuiclioi liow little, reniains, the />iev,swe 
of Ihc vapoi (a(. cquilibniiiii) vnll aliwu/.t he 
iJie savw al the »unr Icmpmilurr ll the 
piessure ol the viipoi above the liquid is 
incioased, the vaiioi eondeiihi's uniil the 
same piessure of vapor pm unit ol aioa is 
exeited as befoie Since the piessure of a 
gas depends only upon the, number of mole- 
cules stiikmg a deluute area and upon then 
velocity, the extent ot the space above a 
liquid lias no iidliienee oii lli(> \apor piessure 
at cquilibiium 

U. Vapor Pressure 

The Viipoi inessiiie al (‘tinilih) mm balances 
the eseiiping tendeuev ot t,he moleeides and, 
in a certain smisc, is a inmisiire of what we 
may rogaul as the pressuie exeited by the 
molecules ni leaving tlu' liquid This is a 
definite piessure lor a given iempeiatiirc 
and a given liquid, if> is the maninntn vapor 
presHWR ol Uie liquid at (he tcmpeiaUirc 
speeilled Ohviouslv, the vapoi proasuie is 
not, imdci all conditions, (‘i[ual lio this maxi- 
mum; the pi'essure ol vapoi m a I'essel con- 
taining too little walei to pioducc equilib- 
rium would not be eipial to the niaximuiu, oi 
eqinlibiium, vapoi pressuie 

The pailuil iiressuie ol the water vajioi in 
the almosplime ililleus Iroin tune to lime 
even at the same tmniieiatUK' There are 
days in sumiuei when tin* humidity is high, 
i.e , the inu tlal luessure ol watei vaiioi m the 
air IB almost equid to the jiiessure of water 
vapor 111 eipiilibimm witli the liquid On 
such days we arc uncoinioi table, because 
watei evapoiates very slowly fiom our skin, 
and we aie without the cooling ellect of its 
evapoiation 

We aie mteiested usually, however, in the 
vapor pressure at equilibrium, and it is this 


pressuie to which we shall refci in futiue 
(b.seii.ssions v'hen ive speak of the vapor 
piessure of a liquid, unless some other con- 
dition is specified 

15. The Vapor Pressures of Different Liquids 
1‘lthyl alcohol, ether, and similar liquids 
that evapmate moie rapidly than watei, at 
tlie .same tempcratui e, have con es)iondingly 
greater vapoi picssures at eqnilibtium be- 
tween liquid and vapor than watei has 
The vapoi pressuie of any icadily volatile 
liquid can be dctoimined by allowing the 
vapoi to come to equilibrium with a small 
sample ot the liquid that is contained above 



Figure 79 The Relative Vapor Pressures of Water 
(a), Ethyl Alcohol (B), and Ether (C) at the Same 
Temperature 

the meicnry m a barometer tube (Figuie 
79) The piessure of the vapor depres.scs 
the level ol the mercury in the tube and can 
be mea.suicd by the diffeienco in levels in 
two tubes, one contaiiuiig nothing but 
mercury, and tlic otlici containing mercury 
and the luitiid above it 

Vapor Pressure op Liquids at 20° C 

Water 17 5 mm 

Ethyl alcohol 43 9 mm 

Ethel 442 2 mm, 

Caibon disulfide 298 mm 

Chlorofoim 159 6 mm 
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Out knowledge oi the liquid state leads us 
to believe that the average kinetic energies 
of the molecules of all liquids aie the same 
at the same tempeiature If this is true, 
the diffeiences m the vapoi pleasures and 
lates of evaporation of different substances 
must indicate that the attraction of different 
kinds of molecules foi molecules of their own 
kind IS not the same but varies widely for 
different liquids The smaller the vapor 
pressure, the greater must be the atti action 
of the molecules Molecules of ether, for 
example, are much less firmly held together 
than molecules of water 

1 6. Change of Vapor Pressure with Change in 
Temperature 

An increase in tempeiature is accompanied 
by an increase in the velocity and a corie- 
spondmg increase in the average kinetic 
energy of the molecules of a liquid As the 
tempeiature rises, therefore, more molecules 
can break away from the foiees that hold 
them in the liquid, the number of molecules 
escaping in a definite period of time fiom a 
definite area of surface is inci eased If 
equilibrium is to be maintained, a greater 
number of molecules must, in the same 
period of time, return to the iKpiid state 
This condition requires, then, that more 
molecules must exist m the same volume of 
vapor above the liquid, and consequently 
that the vapor pressure is increased as the 
tempeiature of the liquid increases 



Figure 80 The Vapor Pressure of Water and Ice at 
Different Temperatures 



Figure 81 Boiling 

In order that bubbles of wafer vapor may form within 
Hie body of the liquid, the pressure inside the bubble must 
be equal to the pressure upon the bubble The pressure 
inside the bubble Is the maximum pressure of water vapor 
at the temperature of the liquid The pressure from without 
js the otmospheric pressure plus whatever pressure is pro- 
duced by the liquid above the bubble A = Pressure of 
atmosphere -f- hydrostatic pressure, B = Vapor pressure 
inside bubble 

The relation of the vapor pressure of watei 
and the temperature is shown giaphically in 
Figure 80 At eveiy point along Lhe cuive, 
watei and its vapor are in equilibrium At 
all points off the cuive, there is no state of 
equilibnum In the legion B, water vapor is 
the stable form, while iii legion A, liquid 
watei itself IS stable For example, watei 
vapoi at 50° cannot be kept at a piessiire ol 
600 mm , it will condense to form the liquid 
Similarly, the liquid cannot be maintained 
at a temperature of 80° if the pressuie of the 
vapoi above it is less than 355 mm If the 
piessure is allowed to remain at some value 
less than 355 mm , the watei will completely 
evaporate at this temperatiiie 

17. The Boiling Point 

If water evaporates in an open vessel, 
water vapor mingles with the atmospheio 
because of diffusion, the paitial piessuic ol 
watei vapoi is only a small part of the total 
pressure of the atmosphere Hence the pres- 
sure above the surface of the liquid remains 
the same, although the vapor pressure of 
water increases with increasing temperature 
Finally, as the temperature rises higher and 
higher, the vapor pressure becomes equal 
to the atmospheric pressure The tempera- 
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ture at whidi this occvu.s is the boiling -point 
of the liciiiid ImuIIh'I' apidiciLtion of heat 
does not nuiHsise the vapor pi(>ssare; the 
heat SLippheil is used lo iiroiiioto evaporation 
by supplying moic and more molecules with 
moie than the a\eia|i;(' velocity loi this tem- 
perature The leiiiiierahiie lemaiiis eonstant 
at the hoilitiK point uidd all th(‘ luiuid has 
changed into vaiioi, 

Boiling i.s indicated by the foimation of 
bubbles of vapor m the body of the liquid 
and their ii.se lo the .surface, when' the vapor 
that they eoutaiii mingles with the at- 
mospheic ’When a liquid boils, therofoie, 
evaporabou oeeui.s not only at the .suifaee 
but thioughoul (he liquid Since hoihiiR 
involve.s Ihe loimalion ol bubbles, it cannot 
occur eveept undiu conditions favoiahh' to 
the evihlcnei' ol bubbles Now, a bubble 
cannot evisl unless the luessiue iii.side it 
IS equal to the iiressiiie, upon it from the 
outside, d'lie piessine iiisidc' (lie bnlible is 
the vapoi piessure, the piessuie witlumt is 
the pressuie of Ihe atniosiilieri', plus the 
pressure everled by the liquid above the 
bubble Tlie la(,l(‘i is viu’y small as com- 
paicd lo tile piessuie of (he almo.sphere, 
which IS equal to (In' pressuie of a column 
of watei more than Ihntv feet in height 
Boiling oeeuis, Iherehue, only when the 
vapor pu'ssure ol Ihe liquiil becomes equal 
lo the pre.s.snie ol the atnio.sphoic Actually, 
as pointed out above, the vapoi piessuie 
must be a little giealer than this pressuie, 
because ol the small addiliorial piessuie that 
theh(]md Usell exerts uiion bubbles within it 

It IS evnieut Unit (he teinpeintiire at which 
watei (oi anv liquiil) boils ilepeuds upon tlio at- 
mosjihenc iinvssuie Since tins piesHuru vanes 
fi'oiu (lav to (lav ui a funeo localitv, the boihiiK 
point of water is not the same at all tiini's 'I'lio 
atmosiiliei 1C piessuie .dso \ lines witli the eleva- 
tion ab(n e sea level ( )n a mountain top, foi ex- 
ample, tlieiapoi piessuie ol watei heeonies equal 
to the cxteinal piessuie at a lower tompeiatuie 
than it does in a noinhboi mg valley It is diflicult 
to cook foods in watei at high elevations, since 
the cooking depends upon the temperatuie which 


is obtained, and not upon the boiling of the watei 
Steam piessure tookeis aie ba.sed upon the prin- 
ciple that a higher temperatuie must be attained 
befoie watei will boil under increased piessure 
At the highei temjieratuie fooiU aic cooked moic 
quickly 

18. The Boiling Points of Different Liquids 
II we diaw a broken line across the top of 
Figure 82 and drop pcrpendiciilans from the 
pointH at which it cuts each curve to the 
tomperatine co-oidmatc, the boiling points 
of the diffeient liquids will be the tempcia- 
tuics wheie the perpendiculais fall The 
fact that one liquid has a greater vapor 
piessure at a given tempeiature than another 
docs not mean that this ls tine at all tem- 
peratures, but, m geneial, the gt eater the 
vaiioi pressure of a liquid and the moie 
lapidly it evaporates at ordinary tempeia- 
tiiros, the lower is its boiling point Thus, 
('t)ioi with a vapoi pressuie of 442 inm at 
20° ( ' boils at 35°, and water with a vapor 
inessuio of 17 5 mm at the same tempera- 
tiiio boils at 100° C (700 mm presibuio) In 
comparing the boiling points of different 
liquids, Ol of two samples of the same liriuid, 
it IS evident that the temperatuics must bo 
collected Lo the temperatures corresponding 
to the standard pros,3Uie oi at least to the 
s'lmc piessuie 

19 Vapor Pressure of Ice and Other Solids 
The molecules in ice must have a much 
sraallei average kinetic energy than those of 
water Ice, howevci, evaporates Snow 
ciystals disappear at times when the teni- 
])crature is below the melting point Since 
the molecular forces aie stronger in a solid 
than in tlic coi responding lupnd, and since 
till' U'mperatuie, and hence Lbo velocity ol 
the molecules, is lower, lolatively lew mole- 
cules can escape fiom the sin lace ol a solid 
as compared to the numliei which e.scapo 
from the same surface of the liquid state of 
the same substance A solid such as ice, 
howevei, shows a definite vapoi pies&uie at 
a given tempeiatuie This vapor pressure 
inciea.ses with use in temperature as m the 
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Figure 82 Vapor Pressure Curves for Ether (A), Alcohol 
(B), ond Water (C) 


case of a liquid The rate at which the vapoi 
pressure of ice increases with the tempera- 
ture IS greater than the rate for watei 
(Figure 80) As the temperatiue rises, the 
vapoi pressure becomes, finally, equal to 
that of the liquid The teinpeiature at 
which the vapor pressures of ice and watei 
aie equal is one where the two phases — 
liquid and solid — are in equihbiium with 
each other At this temperatuie hquid and 
solid may icmain m contact with each other 
without a change in tempeiatuie This is 
the freezing point of the liquid and the melting 
point of the solid 

If we place a block of loe and a quantity of 
water in a closed vessel and maintain a tempera- 
ture of 0 ° C , each is in equilibiium with the same 
amount of vapoi in the unfilled portion of the 
vessel If this were not the case, the phase with 
the higher vapor piessuie would place in the 
vapoi state moie molecules than could be m 
equihbiium with the other, and the vapoi would 
condense to form the lattei Let us assume that 
ice has the lower vapor piessuie at 0 ° Then the 
vapoi 111 a closed vessel containing both water 
and ice at this temperature would condense to 
form more ice Thcie would then be insufficient 
vapor in the vessel to ptoduce equilibrium with 
vater, mote of which would then have to evap- 
01 ate Tlieie would then be too much foi eqiii- 
libnum with the ice, moie of which would foim. 


and so on, until finally all the hquid would 
disappeai 

20 Surface Tension 

We have alieady (page 169) called atten- 
tion to the unequal distribution of moleoulai 
forces about the molecules at the surface of 
a liquid A molecule which lies deep within 
the body of the liquid is attracted by othei 
molecules which he all around it and, conse- 
quently, the attraction in each direction is 
balanced by an equal attraction m an oppo- 
site diiection (Figiize 83) But theie are no 
molecules directly above those at the surface 
Moleculai attraction pulls these molecules 
back into the liquid, and there is no compen- 
sating upwaid pull Because of this unequal 
distiibution of foices, molecules are lemoved 
fiom the suiface, i o , the suiface tends to 
become smaller The lesult would be the 
same if the suiface wcie under a tension 
Hence, we speak of the swJax,R tension of a 
hquid As the lesult of the tendency of its 
suiface to shrink, a small mass of liquid as- 
sumes a spheiical shape, since a spheie has 
a smallei suiface than any other form of the 
same weight of the substance 
The suiface tension of a liquid deci eases 
as the tempeiatuie uses A decrease m 
suiface tension corresponds to an increase 
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Figure 83 

Diagrams showing Iho cause of surface tension and ex- 
plaining why 0 small moss of a liquid lakes a spherical form, 

in siufac'o, iinil llu-n chuiiKn ''lUN lor tlu* I'v 
pendiUiU’ ul c'uci'nj , .smci' inoii' luolcculi's 
must 1)0 hopiuiiloil I'kiiu the puiliclos iii llio 
body of Uic li((iii(l utul loitidvikl lo llic .siir- 
faco The onciny rimuucil is appliod ns 
heal, and Uic inci'oaw' m tciniK'raUuo is 
reint'soiitoil lij (ho incioasod Telocity and 
kmeLio onornv ol the moloeulos 

Smee tlu' luoloeidar atliiu (ion is overeomc 
enlirelv h\ (he speed ol llie nioleeules a(. the 
critical teiiiiieial-iire, (he suilace (eiisioii dis- 
appcaih eiUiielv a( (his teiniieiatuie Wc 
may lOKaid the eiitie.il leiupeia(,uie as t,hc 
point at whuh tihe, p;iih eiiu he eoinpiessed 
without hipK'hiet.iou, lo a toIutiu' of the 
same size as (hat which (he In pud w'ould 
occupy d’he lailuie ol the pas to iKpiefy 
above tlu' eiilieal tenipeiul.uie is due, of 
couise, to tlu' speed of its nioleeules, which is 
great eiioiiph lo oTeieoiiie I'oiniilelely the 
moleciilai al,t,i'a( lioii, ri'paidle.ss ol the iires- 
surc which inav he used in foiciiig the moh*- 
cnlcs closer lopi'lher 

21. Viscosity 

The moh'cuh's of a licpiul exert attraction 
for one anotliei , and hence we should expect 
that theie i.s within the lujuid itself a ceitain 
resistance to the movement of molecules 


ovci and around one another, a movement 
n.sually described as Jlow This resistance is 
expressed in terms of the viscosity of the 
luiuid and is usually measured, in compai i- 
son with a standard liquid such as water, bv 
the rate at which the liquid flows undei con- 
stant picssuie through a long capillary tube 
held ill a vertical position 
'^I’hc viscosities of water, alcohol, and ether 
are i datively small as compai ed with those 
of glycerine oi lubricating oils The former 
arc mobile liquids, and the latter aic highly 
VISCOUS 01 less mobile The viscosity of a 
liquid depends upon the average distance 
sepal atiiig the molecules, the size of the 
molecules, and thou aveiage velocity. It 
nicicases as the temperature of the liquid 
decreases As the temperature of the liquid 
is lowiucd some viscous liquids change into 
pla.stu! solid states, c.g , paiaffin and bees- 
wax The viscosity ol lubi mating oils is a 
very important factor in detcimining then 
value, and the viscosities of ceitam solutions 
and mixtures aie important in several indus- 
tries, c g , paint, varnish, and lacquer 

NATURAL WATERS 

22 Impurities Found in Water 

The water of spimgs, wells, lakes, riveis, 
and the sea contains vaiying amounts of 
substances eithei in solution or as solids m 
suspension Even ‘Tain water," befoic it 
comes into contact with the earth, has dis- 
solved gases and has taken up pai tides ol 
dust from the atmosphere Diops of rain arc 
piobably often formed about dust pai tides, 
which act as nuclei oi centeis for the con- 
densation of watei vapoi The content ol 
watei on the earth’s surface, or from below 
the Hurfaeo, depends upon the nature of the 
sod and the rocks with which it has come 
into contact The impurities present in 
such waters may consist of the following 
classes of inateiials: 

( 1 ) Finely divided solids in suspension, these 
include sand, clay, oigamc material (bits of 
plants), and organisms, such as bacteria 
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(2) Dissolved salts, these are largely the chlo- 
nilos, sulfates, and bicaibonates of sodium, po- 
tassium, calcium, magnesium, and non 

(3) Dissolved substances of an organic char- 
acter, these result fiom the decay of vegetation 

(4) Dissolved gases, such as ammonia, carbon 
dioxide, ovygen, and mtiogen 

The suspended solids can be lemoved in 
large part from watei by filtration If the 
clear water is then evapoiated to dryness, 
some idea of the quantity of dissolved solids 
can be obtained One htei of water yields, 
upon evaporation, something like 0 2 to 
0 5 g of lesidue The watei from some 
wells and from many springs shows a much 
laiger quantity of dissolved salts If the 
quantity of these salts is very great, the 
water is called a mineral watci Sea water 
contains approximately 3 5 per cent of solids, 
of which about 75 pei cent is sodium chloride 
The water from suit-lakes (Great Salt Lake, 
Dead Sea, etc ) contains from 20 to 25 per 
cent of dissolved solids, most of which is salt 

Water that contains salts of calcium and 
magnesium is said to be haid Everyone 
knows that soap does not lather well in hard 
water An oidmary soap is a salt of sodium 
with one of thiee organic acids that are 
found, combined with glyceiine, in fats 
When the sodium salts of these acids are 
placed in water containing calcium or mag- 
nesium salts, they react by double decom- 
position with the latter, and insoluble cal- 
cium or magnesium soaps are formed 
Enough sodium soap must be added to re- 
move all the calcium or magnesium from the 
water befoie a lather can be produced 
Hard wateis can be softened befoie use by 
lemoving the dissolved compounds of cal- 
cium and magnesium 

Hard waters are also objectionable in 
boileis Here the salts of calcium and mag- 
nesium are deposited upon the walls as the 
watei IS changed into steam As this deposit 
thickens, loss of the full value of the fuel used 
to heat the boilei results, because of the 
thick layer of material that separates the 
watei fiom the soiiice of heat The boiler 


wall must be heated to a much higher tem- 
peratuie than would be required, oi would 
be possible, if the watei weie in direct con- 
tact with it 

Some waters are also objectionable be- 
cause they contain dissolved substances, 
such as the carbonates of sodium and potas- 
sium, which pioduce foaming in boilers 
Other substances may cause unpleasant odois 
and tastes Still otheis, notably compounds 
of iron, may produce stains upon clothing m 
the laundry Some waters aie unpalatable 
because of the bad taste which comes fiom 
the algae (certain plants) that grow in them 
Othei waters are dangeious sources of disease 
because they contam certain types of bac- 
teria, such as the typhoid bacillus 

23. Water for Domestic Use 
It IS not sufficient that water intended for 
drinking purposes should be cold, clear, and 
spaiklmg It may be all of these and still 
be as deadly dangerous as any potion of 
poison Even watei from a muddy stream 
may be safei for drinking purposes than 
clear water from a shallow well or from a 
stream polluted with sewage The danger 
hes not in suspended inorganic material or 
m dissolved salts or gases, as a rule, but in 
the presence of disease-producing bacteria, 
which, of couise, cannot be seen without the 
aid of the microscope Typhoid, paiaty- 
phoid, and dysenteiy are the most common 
diseases contracted by drinking contami- 
nated watei The bacteiia pioducing these 
diseases almost always entei the water in 
sewage containing waste mnteiials from 
persons suffering from the diseases 
The chemical examination of water in- 
tended foi domestic use is conceined prima- 
rily with the detection in the watei of certain 
kinds of compounds that may have entered 
it in sewage These compounds contain 
nitrogen and are products of the decomposi- 
tion and oxidation of proteins Faiily eaily 
m these changes, the nitiogen appeals as 
ammonia, NH3, 01 as compounds closely re- 
lated to it, later the nitrogen is converted into 
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nitrites, which contain the NOr ion; and 
finally nitrates, containing the NOa' ion, 
are piodiiced The change from one of 
these compounds to the next is promoted by 
the action of cortain bactoiia that use the 
substances contained m sewage as food ma- 
ieiuils In water containing sewage that 
has only recently enteied the water supply, 
most of the nitrogen will be found by 
chemical examination to be in the ammonia 
foim This water may be dangerous, be- 
cause the contaniination is of recent origin, 
and there is a plentiful food supply for bac- 
teria. If the examination shows that the 
nitiogen is largely in the fonn of nitrates, 
the water may be regaidcd as fairly safe, 
the pollution must have occurred at a time 
considerably iiriwious, and the food .supply 
of bacteria likely to be found in sewage will 
have been exhausted Water showing more 
than 0 01 part of nitiite ion per 1,000,000 
parts of waler i.s not legaided as safe with- 
out treatment to kill bacteria The cheniical 
analysis usually show.s, also, the quantity of 
chlorine that is presmit as chloride ion in a 
definite quantity of waler. Some chlormo is 
to be expected in natuial wateis, but the 
normal quantity is known for different paits 
of the couiitiy , and the pi e.sencc of excessive 
amounts (u.siially as .salt) is consideicd as 
fairly conclusive evidence of contamination 
by sewage, becainso almost the only souice of 
chlorine is sewage containing excretions of 
the human liody 

The bacteiiological examiuation of water 
is usually more definite than a chemical 
analysis In making such an examination 
the usual pioeeduii' is to count the nunibei 
of bacterial colonies which develop upon a 
''ciiltuie” that is tieated with the water 
lilach bactonum in the water samiile which 
is placed uiion the “culture” produces a 
colony The bacteria detected in this man- 
ner arc those that arc found in sewage of 
human oiigin and although usually harm- 
less themselves, then presence in watei 
indicates that there has been pollution by 
sewage which may contain other dangerous 


types of bacteria Contrary to a somewhat 
general opinion, the bacteriologist does not 
examine water for definite evidence of the 
piesence of any individual disease-producing 
type of bacteria Water to be used foi 
drinking puiposes should be checked fre- 
quently by bacteriological examinations 
The fact that such an examination gives 
water fiom a ccitain source a clear record 
does not mean, of course, that Lins watei will 
remain puic 

24. The Purification of Drinking Water Supplies 

The domestic water supplies of cities may 
come from rivers, lakes, springs, wells, or 
fiom basins which gather the “run-off” 
fiom the suirounding soil None of these 
souices can be regaided as safe, regardless of 
lirecautions to exclude sewage In fact, con- 
tamination of the supply by sewage is 
usually lecogmzed, and pioper methods of 
purification are necessary The bacteria in 
watei may be killed by boiling for a few 
minutes, but “boiled water” is unpalatable, 
because it contains none of the dissolved 
gases that natural waters contain in solu- 
tion Nearly pure water can also be ob- 
tained by distillation; solids, both dissolved 
and suspended, are left bchmd in the dis- 
l,illmg flask when the watei changes into 
vaiioi, but dissolved gases escape and when 
the water vapor condenses again to the 
liquid, air and other gases that may be 
piesent again dissolve, unless piecaiitions are 
observed 

Because of the small scale upon which they 
can be opeiatecl, it is obvious that boding 
and distillation cannot be used as piactical 
methods ol purilying water except in isolated 
CU.SOS and lor individual needs. The puri- 
hcation ol the water supply of a community 
must employ methods that can pioduce mil- 
lions of gallons daily 

Usually both filtration and chemical treat- 
ment aie practiced Dissolved salts and 
gases are not lemoved Bacteria are eithei 
killed by the addition of certain chemicals, 
Ol lemoved along with other suspended ma- 
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Figure 84 Dittillalion of Wafer 

Dissolved and suspended solids con be seporoted and practically pure water obtained by distillation 
Cold water Is passed through the (oclcet of the condenser to convert steam into the liquid 


terial by iiltiation If the water contains 
much mud, clay, or sand, it is first allowed to 
stand in a settling basin where most of this 
material settles out It then passes through 
the filtei, which consists of layeis of sand and 
gravel The filter may be designed to allow 
the water to pass through slowly or rapidly 
In lapid filters, the beds of gravel and sand 
are shallow, and coarse mateiial is used 
Settling basins aie almost always employed 
in connection with lapid filtei s to remove 
most of the suspended material, which othei- 
wise would collect in the filtering beds and 
letard the passage of watei These rapid 
filters aie not as efficient as the slow ones in 
lemovmg bacteria, but they do act veiy 
satisfactorily in removing suspended soil and 
substances which discolor the watei The 
complete removal of bacteria is not necessary 
if the watei is disinfected by chemical tieat- 
ment A high-speed filtration plant can be 
operated to produce about 125,000,000 gal- 
lons of filtered water daily per acre of sur- 
face This is almost 50 times as much water 
as can be obtametl from a slow filtei bed of 
the same surface 


Substances that produce objectionable 
odors and tastes in the water supply may be 
removed by aeration, by filtering the water 
through beds of granular charcoal, or by 
mixing finely divided, activated caibon with 
the water and later removing it by filtration 
Odors and tastes caused by adding too much 
chlorine can be removed by adding small 
amounts of a substance such as sodium sul- 
fite that reacts with the chloiine, or with 
compounds of that element that may have 
been produced in the water 

The construction of a filtei bed designed for 
slow filtration is shown in Figiii o 85 The seep- 
age of water thiough the sand leaves behind the 
mud, clay, and other suspended mateiial includ- 
mg most of the bactena The slime winch gath- 
ers on the surface of the sand aids mateiially in 
mci easing the efficiency of the filter The gi o wth 
of algae on the sand is sometimes encouiaged to 
fuithei aid in lemovmg oiganisms The watei 
which finally emerges from the lower layeis of 
gravel finds its way into diain pipes made of 
porous tile Through these pipes it is led to the 
pumping station from which it is forced out into 
the city’s mams 
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Ground level 










Figure 85 The Cor\strucllon of a Filtration Bed 
A, water; fi, fine sand; C, D, coarse sand and gravel 


Aluminum Milfulo often added to watei 
in the HotlliiiK oi Idtei.s 'I’lii-. sii))- 

stanco reiiets willi water to lot in ahuntimm 
hyrlimide, a (ielatmoim solid, winch seUles, 
canyinp; with it the suspended niuti'iial and 
many lineteiia 

(2Al*-t-^-|-;iS(), ) l-tillOIl— h 

:U2 IP t SO, ) 1 ‘2 Al(()II)a 

Calcium hydioxide, ('a(()II)>, is iisiiallv 
added aloiiK \Mth I lie aluniinuiu siitlaU' 
When lihis is done, (alciuni sullate, OaSO,, 
instead of sulluiie aeid is in'oduced Keirous 
sulfate, FeSOi, soduuii aliiniiiiale, NaAlO™, 
and alum aie sunuUnnes used lu jilace of 
alummuin sullate 

25, Purification of Water by Chemical Treat- 
ment 

The use ol ehloiMiu‘ to kill haeteiia in 
water is now a eonuiion jiiaetiee in almost 
every comiminily of any size in this country 
and m most, othei eoiintru's. Cliloiiue, is 
used foi this puipose because ot its elhciency, 
its low cost,, and the small (luantity that is 
lequiicd Not nioie than one part of ehlo- 
nne IS rcqiiiied to kill all the bacteua in a 
million parts of water 


'Die use of chloiine foi the disinlection. ot 
wnlei 111 this countiy dates fiom about 1913 
I’lioi to that time lilcaclimg powdei (CaOCb) liad 
lieeii used in many places The effect of chloriiia- 
tioii has been most iiionomiced m the reduction 
of the (leath-iate fiom typhonl fever In many 
cities this death-iate has been reduced by 75 pei 
cent 01 moio immediately altei tieatment with 
chlonup has been staitcd The chloiinc which 
IS added giadually icacts with watoi, fonmnji; 
lirst hydiochloiic acid and hypochloious acid 

Ck + IbO — )- (II-^ + 1C-) + HCIO 

The lattci slowly decomposes 

2 IK TO — >- 2 (H+ -h CD -b O 2 

Bactcua which enter the water aftei the chlorine 
has disiippcaicd will not bo killed The efhciency 
ot cliloune also depends upon the quantity of 
other 01 game niattei m the watei, since organic 
niatciial is also acted upon by chloiine 01 liy the 
o'rygcu which is lelcascd when chloiine leacts 
witli water Pioliahly the safest ptocediae is to 
cldounate watei by adding enough chloiine to 
dostioy all oigamc mateiial with which chloiine 
will react Any excess of chloime lemaining can 
be lemoved by dechlorination before the water is 
used This is a process in which harmless sub- 
stances which react with chlorine are added to 
the water 
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CQurtea]! of itla^ Powder Company 


Figure 86 The Reiervoir oi a City's Woter Supply 

Aeration is used m purification of water because it aids in 
the oxidation of organic materials 

Some waters which contain substances 
deiived fiom coal-gas plants and ceitam 
othei kinds of factories develop unpalatable 
tastes after chlonnation These tastes are 
due to the chlorinated products of some of 
the substances which find their way into 
the water from these wastes Watei may 
also extract similai substances from leaves 
and other forms of vegetation The bad 
taste of water is most often caused, howevei, 
by certain kinds ol plants (algae) whicli 
glow in the water of reservoirs These 
plants may appear m the water m greater 
numbers at certain seasons Their presence 
is lecognized wdien the water has a fish-like 
taste Algae aie usuallv killed by adding 
a trace of copper sulfate to the water in the 
reservoir 

THE CHEMICAL PROPERTIES OF WATER 


exerts a profound influence upon the reac-- 
tions of other substances 

26. The Stability of Water 

Watei is a relatively stable compound 
When it is formed by the combination of its 
elements, considerable heat is liberated 
When one gram-moleculai weight (18 grams) 
of water is produced by the combination of 
hydrogen and oxygen, and the water vapor 
produced is condensed and cooled to 25'’, 
68,270 calories of heat is liberated 

Hi + O 2 — >■ H 2 O + 08,270 cal 

2 Hi + Oi — >- 2 HiO + 1 36,540 cal 

When 18 g of water is decomposed, a similar 
quantity of energy must be consumed in 
the process This energy may be supplied 
by heat Even at a very high temperatuie, 
heat decomposes water only slightly II 
water vapor is heated in a closed tube at a 
definite temperature for some time, a portion 
decomposes to form oxygen and hydiogen 
The decomposition ceases after a time, or, at 
least, the amounts of water vapor, oxygen 
and hydrogen reach definite values that le- 
main unchanged as long as the temperature 
IS constant, a state of equihbi mm is attained, 
and the oxygen and hydrogen combine at 
the same rate as water vapor decomposes 
The leaction is said, therefore, to be reversi- 
ble and in this respect resembles the' reaction 
between steam and iron (page 109) At 
1500'’ C , less than 0 2 pei cent of the water 
vapor is decomposed in attaining equilib- 
rium As the temperature inci eases, the pei - 
centage of undecomposed water vapor in the 
equilibrium mixture gradually decreases, but 
even at 2000° C , only about 1 5 per cent, and 
at 2700° C , only about 11 pei cent is decom- 
posed Compounds that are not readily de- 
composed by heat even at considerably ele- 
vated temperatures are said to be stable 
Upon this basis of distinction, water is stable 


Not only does water play a direct r6le 
in many reactions in which it is itself con- 
verted into other compounds, but it also 


27. Reaction of Water with Oxides, Salts, and 
Other Substances 

We have previously (page 69) referred to 


THg CHEMICAL PROPERTIES OF WATER 


the reaction of water vvitii tho oxides of the 
metallic clemonts to foini hydroxide-hasos, 

('aO + iron— t-cafnii),, 

and with the oxides of non-iu(*tallie elements 
to form acids 

COa + IIaO— )-n,('(h 

Water itself aets both as an aeid and a base. 
In the reaction, 

(2Na+ + S”) + 211011—)- 

II.S t 2 (Xa' + on-), 

water reacts as an acid, it siiiiplies hydrogen 
ions, 01 protons, lhal react with the sulfide 
ions, S“, of sodium sulfide to form hydmgcii 
sulfide, HivS. In (he leaetion, 

ii('i + non — )-ni,ot +(’i- 

water accepts piotons and acts as a base 
It also reacts, by double decoinposition or 
exchange, with e('rtaiii eoyalent. suhstauces 
such as phosphorus trieldondi', IH'h, that 
cannot he elassilied as salts (page l(i2} 

PCh + iiiioii— )-:iiioi f +H;,po3. 

If only a aniall {luaiituty of water is added, 
it is consumed m the reaelioii, and the hydro- 
gen chloiidc eseaiies as a gas, lu'cause tlieio 
is no water in wdileh it can dissolyo lleae- 
tions of this kind and those of watei with 
salts, such as sodiimi sullide, are fiequently 
classified as exainjiles of hydi ahjsis — double 
decomposition oi exchange leactions in 
which one of the substances involved is 
water. 

28. Water as an Oxidizing Agent 
The (TH'iU, slaliilil V Ilf VMili'i iiidii'iUi's lliiit tins 
suhatniicc will not guc up iciulily the oxygen 
which it ('outauiH tn ntliei siibstiuices For this 
reabon wiitci is mil, K'giudcil as a good oxiiliziiig 
agent, although alinost 1)0 per cent of it (by 
weight) IS oxygi'i) Wiry iioweiful reducing 
agents, howovei, can reduce it Thus, we bare 
shown (page 7.1) that inagnesmiu will bum in an 
atmospheie of steam, foiimng magnesium oxide 
and liberating bydiogen This is a case of oxida- 
tion, m which niagnesuirn is oxidized and liydro- 


goii IS reduced Hycliogon’s valence number is 
reduced to zero, and inagnebium’s is inci eased 
fioin zero to +2. Steam also oxidizes hot iron, 
forming the magnetic oxide of non and hydiogen 
(page 111) Steam which is passed ovei oi 
tlinmgli icd-liot caibon (coke) is conveited 
(page 111) into carbon monoxide and hydiogen 
ill the pioduction of watei gas These aie also 
caso,s of oxidation Iron and caibon aie oxidized, 
and iiydiogcn is leduccd Since water is the sub- 
stance that brings about the increase m the 
valence of magnesium, iron, and carbon, in these 
loactions, it must be legarded in all of these cases 
as the oxidizing agent Since the valence numbei 
of hydiogen is 1 in watei, and since hydrogen 
exhibits no gi cater combining capacity, water 
docs not have any reducing action on any oxidiz- 
ing agent 

29. Hydrates 

Wany compounds, ions, and even free ele- 
ments combine with water to form com- 
pountls m which molecules of water are united 
by shaied election pans with molecules, 
ions, or atoms oi the other substance 
These compounds are called hydrates. Sul- 
furic acid, for example, forms a hydrate when 
it IS mixed with water; the foimatioii of the 
now sub.stance, the hydrate, is indicated by 
the laigc (piantity of heat that is evolved 
when the concentiated acid is pmued into 
water 

Many hydrates are compounds of salts 
and water, although there aie also hydrates 
of acids and of hydroxides, many ions in 
aqueous solution also exist as hydrates as, 
foi example, the hydiomum ion (page 155 ), 
which leally is nothing more than a hydiated 
hyihogen ion, H+ HuO 

Dry 01 anhydrous calouira chloiulo, which 
IS used to lomovo tho watoi fiom vanoiis 
gasi's, IS lopi’csciited by the lormula (ladb 
Its efhcicncy as a diying agent is duo to its 
tendency to combine with water to form the 
hydiate CaCh 6 liaO A solution of calcium 
chloride in water gives, upon evapoiation, 
crystals of this hydrate The crystals of 
“blue vitriol” (CU8O4) aie composed of the 
hydrate CUSO45H2O Other examples ot 



182 


WATER 


hydrates are: CrCl3 4H20; CrClsGHaO; 
NaaCOs 10 HaO, C0CI2.6 H2O, and alum, 
KaAlaCSOi)! 24 H2O 

In each of these formulas the period ( ) 
IS used to indicate the chemical combination 
of water with the salt Since these are all 
ionic compounds (Ca++ + 2 Gl~, foi exam- 
ple), the water is actually combined with 
one or both of the 10ns of each compound 

The formula of the hydrate of sodium car- 
bonate IS written as NaaCOs 10 H2O, mstcad 
of NaaCHaoOia, because the latter would in- 
dicate, contrary to fact, that the carbonate 
ion, COa”, loses its identity in the hydrate 

The carbonate ladical is as real a part of the 
hydrate as it is of the unhydrated salt The 
water combined with the salt in the hydrate 
does not appeal to be firmly held, and when the 
hydrate is dissolved m watei, the watei “of 
hydration” appears to be no different than the 
water m which the salt dissolves Dissolved 
sodium carbonate reacts in double decomposi- 
tions, foi example, as if composed only of sodium 
and carbonate ions, and its reactions aie the 
same, regardless of whether the substance placed 
in the solution is the hydiate (NajCOa 10 HaO) 
or the unhydrated salt (NajCOj). The identical 
behavior m solution may be due, howevei, to the 
fact that only one of the two substances (the 
hydrate) exists in solution Since the salt that 
crystallizes fiom the solution is the hydrate, the 
chances aie that it is this fnim, 01 at least some 
hydrated form, which exists in the solution We 
have no definite method of determining the extent 
to which substances ol this kind arc hydiatcd in 
their solutions For this reason, the watei com- 
bined with a substance 111 solution is usually not 
indicated in the formulas that aie used m wutmg 
equations foi reactions in which the substance 
takes part Thus, the reaction between calcium 
chloride and sodium caibonate 111 a solution which 
has been piepared from Na^COs 10 H,0 is written 
as 

(2 Na+ + cor) + (Ca++ + 2 CD) — 

CaCOj-i- 2 (Na+ -f Cl') 

At ordinary tempciatuies, solid hydiates 
and the corresponding anhydrous salts pos- 
sess very different piopertics Different 
hydrates of the same salt also have difleient 


properties — different melting points, colors, 
specific gravities, and different solubilities in 
various solvents Anhydrous cupiic sulfate, 
for example, is white; but the pentahydiate, 
GUSO46H2O, IS blue Cobalt chloride is 
blue when anhydrous, but the hydrate, 
C0CI2 6 H2O, IS red. Anhydrous chromium 
chloride, C1CI3, is pink, but the hydrate, 
CrCls 6 H2O, IS gieen or violet Some hy- 
drates are sufficiently stable so that they can 
be mixed and heated; they can thus be made 
to react without first being converted into 
the anhydrous salts In such reactions the 
hydrates of the same salts display some dil- 
ferenccs m properties from one another and 
fiom the anhydrous salts Because of all ol 
these differences in properties, and because 
of their definite composition, hydrates must 
be legarded as true compounds 

30. Hydrates, Hydroxides, and Oxygen Acids 
It is impoitant that we distinguish be- 
tween (1) hydiates and (2) hydroxides and 
acids that contain oxygen Thus, calcium 
hydroxide and sulfuric acid may be formeci 
by allowing water to react with calcium 
oxide and sulfur trioxide, respectively 
Furthermore, both of these compounds lib- 
erate watei when they aie heated to a suffi- 
ciently high temperature Neveitheles.s, 
they cannot be regarded as hjdmtes of the 
oxides In acids, the hydrogen of the oiigi- 
nal watei molecules acts independently of 
the oxygen when the acid is m solution, In 
hydroxides, under similar circumstances, 
each of the hydiogen atoms acts with an 
oxygen atom to form the hydroxyl radical 
(OH) The water which reacts with the 
oxides to foim these compounds appeals, 
therefoie, to lose its identity and to become 
a moie mtimately 1 elated and united part 
of the compound than the water in hydrates 

31 The Structure of Hydrates 

The valence numbers aic not changed 
when elements, ladicals, or ions combine 
With watei to foim a hydrate It is obvious, 
therefore, that the water of a hydiate is held 
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in chemical combination liy bnnd.s othei than 
those of the usual ionic or covalent type 
Several substances form compounds analo- 
gous to the hvduites formed by water. 
Among such substances are ammonia, alco- 
hol, and otheiH that contain the f)H oi NH2 
group Kach of thesi' coiniiounds contains 
an atom haviiig one or more paiis of elec- 
trons not used in fonning bonds with atoms 
in its own molecule Thus, in tho molecule 
of ammonia one jiair ot ('lectroins belonging 
to the nitrogen atom is lret> or unused, and 
in water two pairs of elccl/rons of the water 
molecule aie fiec 


II 

H 0 -II N- 

H II 


The metallic ion of a salt has no elections 
in its outcimost electron group because these 
electrons weie los( wlum the atom Ix'camc 
an ion Thus the' cupric ion, ('iT"', contains 
no elections m the mUr'iiuost group of the 
atom, although this gumii, a.s in other atoms, 
can hold cighti (and .sonudmics morej elec- 
trons The oupiic ion can acipuic enough 
elections to build up a stable gioup 111 the 
valence shell by shaiing pans of eh'ctrons 
which lue free, or unused, and which belong 
to atoms ot oxygen m wal.ci or to atoms of 
nitiogen in ammonia 


NPI., 

II, N ('ll. NIT,, 
NHj 


ss- 


()TL. 

Il,()'('ir()lln 

IIA) 



The hydiat.ed cu]nic 10ns pioduccd by 
such reactions have the same cbaigo and 
valence number as (he unhycliated cupric 
ion, because the molecules of water them- 
selves have no chaiges, and hence piocluce 
no change in the chaige of Cu'*''' Watei is 
attached to the cupiic 1011 by co-ordinate 


covalent bonds (page 146 ) just as it is 
attached to a pioton in the hydionium ion 
(page 155 ) 

In some hvdrates the hydrogen atoms of 
water molecules may foim co-oidinate co- 
valent, bonds with atoms having unused 
pans of electrons that hydiogen atoms may 
share Thus the hydrogen atom of a watei 
molecule may foim a bond with a ohloiide 
ion. 


■Cl - + H 0 H-v( Cl H 0 H)- 

A bond ot this kind may account for anotliei 
method by wdiicli the w'atei of some hydiates 
is held m chemical combination Similar 
bonds may be foimcd by water molecules 
and an oxvgcn atom ot a sulfate ion. Since 
hvdiogen atoms act as the connecting links 
by w lueli watei molecules aic bound to other 
pai tides, such bonds are called hydiogen 
horuk 

111 some livdrates, water molecules may 
merely be held within unlilled and open 
sfiaccs of tihc civst,al lattice In other hy- 
diates, tho ciystal is somewhat like ice in 
wduch tho 10ns aie dissolved 

The water of a hydrate was spoken of at 
one time as “water ol civstallizatioii’’ -- a 
tciin Imsed, no doubt, upon the fact that 
many salts ciystalliKC trom water solutions as 
hydiates If this water is icmoved from the 
ciy.stals, by exposuic to the an 01 by heat, 
they crumble, and the substance becomes a 
powder Watei is not necessaiy, however, 
for tho formation ol ciystals Many sub- 
stances, such as potassium chlorate and so- 
dium cliloiide, ioriu crystals, but they have 
no hydrates - at least, not m the solid state 
Furthcrmoie, salts that form crystalline 
hydrates may also crystallize when they are 
not combined with watci Thus, coppei 
sullate will ioim ciystals of CuSOi in coii- 
ceiitiated sulfuric acid, which combines with 
the water and prevents the formation of the 
hydiate of the salt It is also possible to form 
hydrates that do not possess crystalline 
stiuctuies For example, an aqueous solu- 
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fcion of sulfuric acid is most certainly a mix- 
ture of watei and a hydiate of the acid or 
Its ions. 

32 Other Examples of Hydrates 

Some acids and a few bases which are 
solids at oidinary temperatures foim hy- 
diates Among these may be mentioned the 
hydrates of oxalic acid, H2C2O4 2 HoO, and 
barium hydroxide, Ba(OH)2 8 H^O Many 
minerals are hydrated in their natural states 
Asbestos, talc, soapstone, and mica are hy- 
drated magnesium silicates Carnallite, an 
important mineral because of its potassium 
content, is KCl MgC’h 6 H2O Schoemte is 
KiSOd MgSOd 6 H 2 O 

33. The Formation and Decomposition of 
Hydrates 

Let us consider a hydiate in a closed vessel 
(We shall assume that there is no water 
vapoi in the space above and surrounding 
the hydrate ) At a definite temperature, a 
certain number of molecules escape from the 
surface of the hydiate in a unit of tune 
The condition is very much like the evap- 
oration of a liquid At the same tempera- 
ture, the number of molecules escaping from 
the suiface of different liquids varies with 



Figure 87 

The downward pointing arrows represent the aqueous 
vapor pressure of the atmosphere, and the arrov/s pointing 
upward represent the aqueous vapor pressures of the two 
hydrates The crystal on the left will lose wafer to the air 
that on the right will not ' 


the attraction of the different kinds of mole- 
cules for one another Por this reason, dif- 
ferent liquids have diffeient rates of evap- 
oration, different vapoi pressures, and differ- 
ent boiling points Now, the water m some 
hydiates is more fiimly held than in others 
This coiiesponds to the diffeient moleculai 
attractions in liquids. As in the evaporation 
of liquids, the molecules of water that 
escape from the suitaces of hydiates into 
the surioundmg space (in a closed vessel) 
may also return to the solid and combine 
to form the hydrate again The rate ot re- 
turn depends, evidently, upon the number 
of molecules in a definite volume of this 
space, i.e , upon the aqueous vapoi pressure 
At first, this vapor piessuie is very small, 
but it increases as more and more molecules 
escape into the vapoi state Finally the 
number returning becomes equal to the 
number escaping m the same peiiod ol time 
When this condition is reached, we may 
think of a state of equilibrium as existing 
between the rate of decomposition and the 
rate of formation of the hydrate As long 
as the ves.9el remains closed, the quantity of 
water combined m the hydrate will leinain 
constant If the vessel is opened, the hy- 
drate continues to decompose until only the 
anhydrous salt is left, if the space m which 
the hydiate is exposed is free ot water vapoi 
The atmospheie, however, is not tree ol 
water vapor. Although the amount vanes 
fiom day to day and from place to place, 
water vapor is always present and exerts a 
vaiiabie vapor pressure, which is, of couise, 
a part of the total piessuie 
Some hydrates, at ordinary temperatui os, 
will give up to the atmosphere the water that 
they contain This occuis because the vapoi 
piessuic ot those hydiates is greatei than 
the vapor pressure ot the moistuie m the aii 
(Figuie 87 ) Crystals composed of hy- 
diates with high vapor pressures are likely 
to ciumble when they are exposed to the air 
They are said to ejIloresc& and the change is 
called ellloiescence In perfectly dry air, all 
hydiates aie efflorescent, since dry air has no 



HYDROGEN PEROXIDE 


aqueous vapor prc'ssui (' t.o offset even a slight 
vapor pressure of the liydrute. 

Other hydrates have very small aqueous 
vapor pressures, sinalk'r even tlian the pai- 
Ual pressure of Ihc water vajjor m the at- 
mosphere These hydrates ari' stable in the 
atmosphere at oidmary temjx'ratuies (fig- 
ure 87) If the correspotiding anhydrous 
salts are jdaced ni the air, the moisture in 
the ail will eoinluuo witli (ho salts 
The aqueous Mipnr lueswire of a hyihate in- 
creases as the tenipeiatuio rises, llcuce, a 
hycliate which is ellleiese.entat leom tcmperatiiie 
loses its watoi ef hydiatien even moie leailily 
at higher tenqK'iatuies A salt which comlnnes 
with the moisUne m the air to foiiu a hydrate at 
ordinary leinjiciatuies can he healed to a tem- 
peratuie at winch it no loiigei does so 
When moie than one hvdiate of a salt exists, 
each has its own di'finite vniioi piessmc at a 
given temiic'iatuu' If the hvdiate which lias 
thehighei vapoi [iicssiik- isheateil to a teiiipera- 
tuio at wluuli its teiideney to lose watei is gi eater 
than the tendency of walei to form tlie hydrate, 
this hydrate — winch is usually the one eonlain- 
iiig the lai gei peieeiitagi' of wntoi — will decom- 
pose, leaving the moie stable liydiated foiiriof the 
substance If heated to a still Inglici tempoiatiiie, 
the second hydrate may also ho decomposed 
Conversely, if an anhydrous salt which foiins 
moie than one hydiate is exposed to the air, 
the hydiate which louus d('pends upon the Icm- 
peiatuie and the iiaituil picssuio ol the watci 
vapor in the aliuo.spheie. Thus, the iientahy- 
drate of coppm sulfate, CuSOi 5 III), loses watci 
when it IS jilaeed in a cuiieiit of waiiu an, and is 
conveited, fii st, into the ti ihydi ate, C'uHOi 3 IhO, 
then into the iiioiuihydiato, C'uS()<IIjO, and 
finally, into the anhydious salt If a curieiit of 
moist ail is jmssod over the anhydious salt, the 
changes lue. levei'sed, with the ultimate jiiodue- 
tion of the insitalivdi'ale 
Plastei of Pulls, (('uSt)da HjCj is jiioditced hy 
hoatuig gyiisum, t'aSOj 2 II/), at a teinpeiatuie 
of about 125° G At this tempciatuie the lower 
hydiate is stable Wlien ])lastci of Pans is mixed 
with water to foim a plastic mass, the lower hy- 
drate combines with water to foim gypsum once 
again. The foimation of gypsum crystals and 
the removal of the water lesults in the hardening 
or “setting” of the plaster. The setting of Poit- 


land cement also depends upon the hydration of 
diffeieiit substances in the mixtuie 

34. Deliquescence 

When ciystals of ionic compounds are 
placed in tnoist air, some water will condense 
to form a film of moisture on the surface 
If the ions of the crystal have a tendency to 
fonn hydiates, such substances will be pro- 
duced by combinations between the ions on 
the suifacc of the ciystal and water If the 
aipieous vapoi piessure of this hydrate is 
small a.s compaied with the paitial pressure 
ol the water vapoi in the an, moisture will 
continue to condense, and this water will 
dissolve the salt, it it is soluble, forming a 
saturated solution If the pressure of the 
water vapor in the aii is still greater than the 
aqueous vapoi pressure of the solution, watci 
will continue to condense, diluting the solu- 
tion and thus allowing more and more of the 
salt to dissolve In some instances, solution 
is complete Thus, giams of anhydrous cal- 
cium chloride form drops of a solution of 
calcium chloride when they aie exposed to 
the air Substances which act m this man- 
ner to remove moistuie from the air, thus 
foi-ming aqueous solutions, are said to be 
deliquescent. Deliquescence cannot be re- 
gaided as the leverse of efflorescence, be- 
cause it involves, fundamentally, the forma- 
tion of solutions. Only soluble substances — 
and not all of them — undeigo deliquescence 
in moist an 

Table salt does not become moist and, 
thcrcfoie, does not “cake” m its container 
if it contains nothing but pure sodium 
chloiide, which is not deliquescent. The 
tendency oi some samples of salt to become 
moist is caused by small quantities of im- 
pinitics which aic dclKjucsceiit 
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35. Peroxides 

The compound, H 2 O 2 , belongs to a class of 
substances which are composed of oxygen 
and a second element, and which are called 
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peroxides Barium peroxide, Ba 02 , and 
sodium peioxide, Na^Oa, arc othei examiiles 
of substances belonging to this gioup. In 
all of these compounds the — O2 group acts 
as a ladical and possesses a valence of —2 
Thus, when Ba 02 reacts with sulfuric acid, 

(Ba++ + 02=) + (2 H+ + SOr) ^ 

BaSOt + H2O2, 

the — O2" radical displays a behavior veiy 
much like that of the sulfate (SOi”) radical 
The pel oxides diffei in this respect from 
oidmary oxides which icact with acids to 
form salts and water Since the 0 ^“ gioup 
acts as a divalent i adical, it is apparent that 
the valence of hydrogen m hydrogen per- 
oxide IS the same as in water, and that of 
barium in baiiura peioxide is tlie same as in 
the oxide, BaO There aie oxides, such as 
Mn 02 and PbOs, which lesemble the pei ox- 
ides only with lespect to then foimiilas 
These are dioxides rather than pei oxides 
The valence of manganese and lead :n these 
compounds is actually 4 , and the oxides i eacfc 
with acids to form water, not hydrogen 
peroxide 

36. Structure 

Hydrogen peroxide was discoveied in 1818 
by Thenaid, who was interested in detecting 
differences in the reactions of vaiious oxides 
with acids In the course of his studies, he 
happened to use one of the oxides which we 
now recognize as a peroxide, and when he 
did so, hydiogen peroxide (a new substance 
at this time) was formed instead of water 
The combining proportions of hydrogen and 
oxygen in hydrogen pei oxide show twice as 
much oxygen as theie is contained m watei 
for the same weight of hydiogen. Its sim- 
plest possible formula, theiefoie, is HO, 
but since it appears to contain the 1 adical 
-02“, its leal foimula must be H2O2 

In teims of the election theoiy of valence, a 
peioxide contains oxygen linked to oxygen 

[0 o]' 


Hydrogen peroxide has one or both of the follow- 
ing stiuctuies 

H _ HE 

H.-q.o , 01 .00. 

37 , Preparation 

A dilute solution of hydrogen peroxide in 
water may be produced by the action of an 
acid upon the peroxide of a metal It may 
be piodiiced, for example, by the action of 
hydrochloiic acid upon sodium peioxide, 
but a moie neaily pure solution of hydiogen 
peroxide is produced by the leaction of 
barium peroxide with sulfuric oi phosphoric 
acid 

(Ba++ + 02 “)-b (2H+-fS0r) — f 

BaSOi'l' -I-H2O2 

3 (Ba++ + 02=) + 2 (3 H+ -k PO4") — 

Ba 3 (PO ,)2 1+3 H2O2 

Baiium sulfate and baiium phosphate are 
only shghtly soluble and can be separated 
from the solution of hydrogen peroxide by 
filtration Foi industiial use, hydrogen 
peioxide is produced by the electrolysis of a 
solution of dilute suKuiic acid or a solution 
of ammonium bisiilfate, NH1HSO4 Pci- 
oxydisultunc acid, H2Si08, is first toimed 
at the anode, and then reacts with watei at 
somewhat elevated temperature to foim hy- 
drogen pei oxide and sulfuric acid 

2 HS04“ - 2 electrons — >- H2S2O8 
H2S2O8 + H2O — ^ 2 H2SO, + H2O2 

Dilute solutions of the peroxide can be 
concentrated to a certain extent by dis- 
tillation undoi reduced pressure 

Hydiogen peroxide is also produced m 
small amounts when some metals aie 
oxidized in moist oxygen, and when water 
IS exposed to ultra-violet light 

2 H2O — y H2O2 -k H2 

These methods, however, are not of im- 
poitance as means ot obtaining the substance 
for use 
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38. Properties 

Above il.M iiu'ltinp; point (-17° (' ) liy- 
drogen peroxide ih ii lupnd of ayiupy eon- 
sistency It ih coloiless in thin liiyens, hut 
appears slightly blue vheti ohs(>i ved in thick 
layers. As conipai ed witli v iilei , i(,h density 
IS 1.47 tunes ii.s gienl, Its boiling [lomt (1 
atmosphere') is bl 1 I ° ( ' 

Clicmieiilly the sulistiuiee is elmiiictenzecl 
by its limited .stiilnht.y It decomiumes very 
readily into water and oxygen Tliis change 
proceeds at a lale which dcpi'iids upon the 
concentration, the tein[ieiature, and the 
presence of eertain eatahtie substances 
The pure eoinpound is likeh to decnmpo.se 
spontaneously and explosivc'lv Decom- 
position is vi'i’v slow at room ti'iniieiatiire 
m dilute solution hoc this leiisoii, it is 
usually siipplu'd and used as a h per eent 
solution. This solution usually eontams a 
small amount of an acid or an organic com- 
pound (often lU'C'taiiihde), which acts as a 
negative catalyst A bu.se, .such a.s .sodium 
hydroxide, acts as a positive eataivsi. m tlie 
deoompoHilioii Finely divideil jilatminn, 
manganese dioxide, sihei, saliva, and blood 
also acceleiat.e llu' decomposition 


2 Fe(OH )2 

+ HaOs - 

2 re(OH)3 

I'onojifl hydroxidfl 


Foi no Iiydroxidc 

Mn(()H)2 

+ H 2 O 2 - 



Man^nnous hjdiDyide 

MnOz 

+ 2 FEO 


IManganese dioxide 

PbS 

+ 4 H.2O2 



r^^acl sulhdo 


PbSO, 

+ 4 H2O 


T ortd suUato 


2 (H' + I-) 

+ H2O2 

— )- 


IIjdriHdjo acid 


Is 

+ 2 H2O 


39 Uses 

Because of the ease with which it decom- 
Iioses, hydiogen peroxide is a vigorous oxidiz- 
ing agent, and is frequently used as a bleach- 
ing agent foi silk, wool, and haii It is 
also used as a geimiciclal agent and anti- 
septic It IS often used as an oxidizing agent 
ill the laboial,orv A solution containing 
30 pci cent ol hydiogen pei oxide is now 
availahle foi commercial uses Hydiogen 
jieroxidc has also been used to supply oxygen 
foi combustion in rockets opeiated by jet 
piopnlsion 


Ilydrogim jici ovule uct'^ as a vciy weak dibade 
acid By dihuKU, and i*. meant oiio which con- 
tains two 1 epliicciii )le atoms of hvdiogen pci 
molecule. In aquemis solutions it foiiiis IKtr 
(peihydioxj'l) loii.s Tlie iieiovides of the metals 
aie salts of this acid Thus, when hydiogen 
pcioxide leads with a solution of baiium hydiov- 
ide, the pel oxides of baiiumaiul walei aiefonncd 

1IA+(B!i" +2 011 ) — >-fBa"()r)+2ir.() 

With some siihstiuiei's w'hieli are very vigor- 
ous oxidizing agents liydrogen iieiovide acts 
as a reducing agent For example, it leacts 
with silvci oxide, Ag.A), to funu lice silvei, 
water, and oxygen 

H2O2 + AgaO — >- 2 ilg + H'jt ) + ( h 

The follow'ing rcaetions aio typical of 
those in which hydiogen pei oxide acts as 
an oxidizing agent 


40 Test for Hydrogen Peroxide 

Hydrogen peioxide can be detected by 
means of a reaction mvolvuig potassium di- 
cluoinatc A veiy dilute solution ol the 
dieluomalo (K 2 Cr 207 ) is added to the solu- 
tion which is to be tested for the peioxido 
The solution is then acidified with sulfuiic 
acid and ether is added Eihci does not mix 
(.0 any gicat extant with watei and is 
hghtei, heuee it forms the layer on top 
Hydrogen pi'roxide mid the dicliromate icacL 
to fuun a liliio substance (peichioniic acid) 
w'hieli ib more soluble in ether than in water 
When the mixtiue is shaken, the eihei layer 
dissolves llic product of the reae.tion and is 
colored blue Because the perchiomic acid 
lb unstable, the blue color soon tades 

Review Exercises 

1 A laige aiiblup will hold about 6,600,000 cu 
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ft of gas If we assume standard conditions, 
what volume of water would have to be 
electrolyzed to produce the hydrogen re- 
quired to hll it”^ (1 cu ft = 28 32 liteib ) 

2 If a mixtme containing 500 ml. of oxygen and 
2200 ml of hydiogen is exploded, which gas 
and what weight and volume (at standaid 
conditions) of it will compose the residue? 
What weight of water wiU be formed? 

3 In one of Morley’s expeiiments he found that 
3 2559 g of hydrogen combined with 25 8531 
g of oxygen How do these weights compare 
with the average combining weights of the two 
elements'^’ 

4 Desoiibe a method which can be used to 
measure the vapor pressure of a hquid at 
different temperatures 

5 Why do all liquids not have the same vapoi 
piessures at the same temperatuie'? 

6 Describe the equihbrium that lesults between 
a liquid and its vapor in a closed vessel How 
do changes in temperature affect this equi- 
librium? 

7 Explain the coohng effect of evaporation, the 
coohng effect of melting loe, and the heating 
effect of condensing vapors and freezing 
liquids 

8 Why must heat still be applied to continue 
the boilmg of a liquid which has been heated 
to its boiling point? 

9. Why do bubbles of vapot form m a boihng 
liquid? Why do they not foim below the 
boiling point’ 

10 Explain the nature and cause of the suiface 
tension of a liquid. 

11 What weight of water, at 100° C., could be 
completely evaporated by the heat that is 
libeiated when 10 pounds (1 Ib = 453 6 g) 
of water freezes’ 

12 Why IS the tempeiature not likely to change 
rapidly near a large body of watei ? 

13 By what expenmental method could you 
deteimme whethei a liquid is watei or a 
solution of hydiogen pei oxide without de- 
terrmning the composition of the liquid’ 

14 What IS the maximum (standaid) volume of 
oxygen that can be obtained fiom 10 liteis ol 
a 3 per cent solution of hydrogen peroxide, 
if the specific giavity of the solution is 1, and 
il none of the water is decomposed? 


15 The following aie some of the important 
terms and expiessions that have been used 
m this ohaptei Define them and explain 
t. liem by the use of appropriate examples oi 
lUustiations calorie, maximum density of 
water, beat of fusion, vapor pressure, boiling 
and freezing points, hydiolysis, hydiate, an- 
hydrous salt, efflorescence, deliquescence, 
peroxide 

16. What weight of hydiogen pei oxide can be 
produced by treating 500 g of barium perox- 
ide with sulfurio acid? 

17 What weight of watei is contained in one 
pound of sal soda, oi washing soda, NajCOj- 
lOHjO? 

18. A sample of hydiated magnesium sulfate 
(Epsom salts) weighing 15 g was heated until 
all the water was expelled The anhydious 
magnesium sulfate weighed 7 32 g What 
is the formula of the hydrate? 

19 What evidence shows that hydiates are 
definite compounds? 

20 How does a hydiate differ fiom a hy dioxide? 

21 Why should manganese dioxide, MnOj, not 
be called manganese peroxide? 

22 How dues the water of the human body aid in 
the regulation of the body’s temperature’ 

23 How does water react with aluminum sulfate 
and sodium sulfide’ 

24 Give an example of a reaction in which water 
acts as an oxidizing agent Why does water 
not act as a reduemg agent? 

25 l(\Tiat are the different kinds of impuiities 
found in natural waters’ What aie the 
sources of these impurities’ 

20 Wliat impurities are objectionable’ Why are 
they objectionable? 

27 Wliy is anhydrous calcium chloiide some- 
times placed on mads? 

28 How would you explain his loss to a giocei 
who bought washing soda, NajCO, 10 H.O, 
at 8 cents per pound, stored it m an open bin, 
sold it at 10 cents per pound, but lost money’ 

29 Why i,s sulfunc acid piefcncd to liydrochloiic 
acid m piepaimg hydiogen peioxide from 
baiium peroxide’ 

30 The maximum quantity of oxygen is produced 
by decomposing the hydiogen peroxide m one 
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SOLUTIONS 


Corpora non agunL nisi soluta (Substances do 
not react unless they ai e dissolved) 

AN ALCHEMIST OE THE FIFTEENTH CENTHEY 


1 lntroduc^lon 

The tendency to foim solutions is an ex- 
tremely impoi Lant physical pi opei ty of many 
substances, and the solutions which aie 
formed play impoitant idles in many diffei- 
ent varieties of chemical change Many 
reactions which are extiemely slow, when the 
puie substances are mixed, are very lapid if 
the icacting substances aie first dissolved in 
water, or some other medium, and are then 
mixed The increase in speed lesults from 
better contact in solution, where molecules, 
or other minute portions, of different sub- 
stances aie mingled 

We have already leferred to the impor- 
tance ol solutions in life piocesscs We have 
seen that the oxygen we breathe must dis- 
solve in water before it can be used by the 
body We have stated that digestion con- 
sists essentially of processes in which foods, 
such as starches, fats, and proteins, aie con- 
verted into substances that will dissolve in 
the blood Mention has also been made of 
the oxidation of worn-out body tissues to 
form soluble substances that can be elim- 
inated fiom the body We may recall also 
that the composition of natuial waters de- 
pends largely upon the substances that these 
waters have dissolved from the an and eaith 
The action of these waters in foiming solu- 
tions, together with chemical action and me- 
chanical eiosion, IS one of the impoitant 
processes that convert rocks into soil, altci 
the soil’s fertility, and aie, in general, le- 
sponsible for changes m the geological status 


of the caith Many minerals have been de- 
posited from solution, and enormous quanti- 
ties of sedimentary rocks (limestone) were 
laid down originally as deposits oi calcium 
eaibonate from substances previously in 
solution in the wateis of seas and oceans 

THE NATURE OF SOLUTIONS 

2 Evidence That Solutions Are Mixtures 
In the first chapter it was said that ma- 
teiials could be divided into two classes, 
substances — elements or compounds — and 
mixtures Since it is obvious that a solution 
cannot be an element, it must be classified as 
cither a compound or a mixture The 
seveial reasons why it should not be classi- 
fied as a compound may be summarized as 
follows 

(1) The compohition of a solution is not defa- 
nite Thus, we may dissolve one giara or ten 
giams of salt m 100 ml of water Solutions oi 
water and alcohol may contain the two substances 
in any propoitions, we can dissolve 1 ml of alco- 
hol m 100 ml of watei, and we can dissolve 1 ml 
of watei in 100 ml of alcohol Usually, howevei, 
theie IS an upper limit to the quantity of one sub- 
stance that will dissolve in a definite ciuantity oi 
the othoi, but it is possible to prepaie a solution 
of any composition within this limit This vana- 
tioii of composition, alone, is sufficient reason foi 
excluding solutiuiis fiom the classification of 
compounds. 

(2) The piopeities of a substance aie not 
gieatly altered when it dissolves, and the changes 
that occur are temporary and physical instead of 
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chemical When a solid rlmsolves in a liquid, for 
example, the solution is a liquid, hence it is 
necessaiy to think of the physical state of the 
solid as having hcen changed, foi evidently theic 
is no longer a solid state Soinctiincs there aie 
ceitain mclications that the eoirqionents of a 
solution do react to foim new substances Ob- 
viously, thoic is a cheinioal change when a piece 
of ainc disappcais in a solution of hydrochlouo 
acid; the evolution of a gas is suiliciorit evidence 
that somotliing more than a niore mixing of zinc, 
hydiogon cliloiidc, and vvatci is occiiiriug If 
the suiistances that aie mixed undoigo chcnncal 
changes, this is aiiotliei matter and cannot he 
regaulcd as the foiinatinii of a simple solution 
of the oiigmal substances For most solutions we 
can disregard chcimcal changes and considei them 
simply as mixtures in which t>ai tides of the dif- 
feient siihstanccs mingle fieely nithout suffeimg 
any change iii comiiosUnm 

Sugar, foi example, when dissolved m watei 
still possesses the piopeilics of sugai,and al- 
though watei 's plivsical inopeities and beluuioi 
aie modified somewhat, its chemical piopoities 
are not alfec.ted by the piesenco of the sugar m 
any fundainentul souse, it will still rmict with the 
same sulislaiices as puie watm to foim the same 
pioducts 

(3) Finally, the fiec/,mg point and boiling point 
of a solution are not constant The boiling point 
of a solution of sugai and water, foi example, 
vanes with tlic comiiositioii of the solution 

Fiirtlieimoic, solutions contaimng e<iual mo- 
leoulai quantities of many dilfeient substances m 
the same weight of a sohent fiee/.u and boil at 
the same tempeiatuie Tins tact indicates that 
it is the solvent — watei, foi example — that 
fieezcsand boils iii a solution — not the solution 
n.s a whole —and that the freezing and boiling 
points of the sohent me changed in the solution 
by an amount deiieiulnig upon the numlHir — not 
the kind -- ol molecules that dissolve 

3. Mixtures That Aie Not Solutions 

A soliiiioii IS deliiied, tlierefore, as a mix- 
ture, but it, IS cvidonl, it is a paiticiilai 
kind ol inixturG A sohituin of salt in water, 
foi example, dilfeis maikcdly fiom amixUue 
of sand and watei In the lattei the sand 
settles, collecting in the lower pait of the 
containing vossel and leaving the water on 


OF SOLUTIONS 

top comparatively clear On the other 
hand, the salt in a solution never settles 
Furtheimore, the water can be separated 
from the sand by pouiing the mixture into a 
funnel fitted with a folded filter papci The 
water passes through, and the sand is left on 
the paper When a solution of salt in water 
is filtoml, however, the salt passes thiough 
Ihe paper along with the water Some mix- 
tures which pass thi ough filters aie not solu- 
tions, Thus, a mixtuic of water and very 
iincly divided clay will pass thiough a filtei 
paper. If we examine this mixture with the 
aid of a micioscope, we may observe the 
particles of clay, but we cannot see the pai- 
ticles of a substance dissolved m watei, 
whatever aids to our vision we may employ 
The mixture of clay m watei is an example 
of a finely divided suspenston in watci 
Eventually, the suspended material settles 
to the bottom of the contain ei 
The subpeiibion in watei ol jiai tides too 
small to be observed with even the most 
powerful microscope can be easily demon- 
stiated (Figure 88) by passing a beam ol 
light into the mixtuie Small particles of the 
solid, winch cannot oidmaiily be been, catch 
the light in the beam and leflect it in all 
diiections, thus becoming visible when ob- 
soivcd at light angles to the direction of the 
beam. If the mixtuie contains no such pai- 
tidos, the beam passes through it without 
bulfoimg any icflecLion Suspensions of 
mateiial even more hndy divided than the 
clay, which we find sometimes in watei , can 
bo detected by this method These ai c called 
colloidal suspensions (Chaptei 35) Solu- 
tions, however, do not display this phenome- 
non when a light beam is pasbccl into them 
We must, thcrefoie, conclude that the pai- 
ticlch which they contain aie much smallei 
than pai tides of substances which aie only 
suspended m the liquid Investigations of 
the magnitudes of the pai tides forming 
colloidal suspensions show that some of 
the&ecoiiespond to clusters, oi aggiegation.s, 
of lelatively few moleeules as compaied with 
pai tides which can be obseived by the eye 
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Figure 86 The Passage of a Beam of lighf Through a True Soluhen (left) and 
Through a CoHodial Suspension (right) 


alone or even with the aid of a microscope 
The still smallei pai tides of a solution, 
theiefore, must have appioximately the 
dimensions of individual molecules or ions 

4 Definition of a Solution 
A mixtiue of sand and watei oi one of 
siigai and sand is non-hmnoyeneous Tins 
means that one sainjilc removed trona such a 
mixture IS not exactly like another sample. 
The two components ate not distiibuted uni- 
formly thioughout the mixture Even the 
suspension of finely divided day in water 
shows diffeiences m composition in diflcient 
parts of the mixtuie, more day pai tides are 
likely to be found neai the bottom than neai 
the top The composition of a solution , how- 
ever, is appaiently homogeneous. If we place 
a Inmii of sugai m a beakei full of water, 
the solution is of couise not immediately 
homogeneous As long as the lump at the 
bottom of the beaker continues to dissolve, 
the solution in the immediate vicinity of tins 
solid will contain moie sugai than the upper 
poition, the sugar diffuses thioughout the 
solution but not as rapidly as it dissolves 
When the solid has disappeaicd, or when as 


much of it as will has dissolved, the solution 
then, aftm a time, becomes homogeneous, 
and a sample lemoved from near the suitiuio 
will be found to contain the same quantity 
of sugar per ml as a sample lemoved fiom 
the bottom oi hahway down 
A solution may lie defined ns an apparently 
homogeneous mixtme of two oi luoie kinds 
of molecules, ions, or groups of molecule's 
If we could examine the individual particles 
that compose the mixtiii e we should find that 
they aie of diffeient composition, and hence 
the solution is not actually homogeneous ui 
the sense that it is composed of identical 
liai tides of matter The pioportions ol the 
substances that are mixed to fonn a solution 
can be varied only without certain limits m 
most cases Theie aie solutions, e g , a solu- 
tion of ethyl alcohol and water, in winch the 
lelative ((uantities of the coinpoiieiits can 
be varied indefinitely Foi most sulistanccs, 
however, there is a definite limit to the quan- 
tity that can be dissolved in a definite quan- 
tity of watei or some other substance K. 
should be noted that not all solutions ol 
sugai and water, for example, have the same 
composition, neveitheless, a sample of one 
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solution of suKni m wafer has th(i same com- 
position as any othci sample ol that solution, 
piovulcil the eomiioiietifs have been thoi- 
oughly iniM'i], 01 (he soliU.ion has hem al- 
lowed to stand until (.he suu;ai has didused 
throughout the volume ol (,lu' solid, ion 

The hoinogened.y ol a solution is thought 
to bo the lesuK, ol llieeimtiiiuousaud laiidom 
motion ol tlie moleeulos of t.he suhst,ances 
that form the solution As in i.he ease ol 
gases, tins h'ads eveidiiallv to an intimate 
mixtuie, in wliieh (he mimhi'r of each kind 
of molecule pei um(. of volunu' is (hd.einimed 
by the total numhc'i ol eaeh kind in the 
mixtuie and liv tlii' volume that the iiuxtiiie 
occupies 

5. Components of a Solution 

The (lomiioiieids ol a solution aie referred 
to as the salvml ,uid t.lu' .svj/ihr Tlie former 
is the eoiuiionenl ol (he mixture wlueh is 
pioscnt in the giealei amouiii Wi' may also 
think of Ihe solvent, as (he uu'dnuu m which 
the partich's of tlii' solute me seatteied and 
which has tlu‘ saiiu' plivsieiil stale as the solu- 
tion, Some!, lines, howeVei, i(, is mipossihle 
to say which of (lii' eomiionents should lie 
called the solve ul, mid which the solute 
This cpiestioii aris(>s, for exmiijile, m a solu- 
tion of watei and alcohol eontaiumg 50 (ler 
cent of each 'Tlii’ tonus au' used only for 
convenience and t.heie is no fundamental 
difference between them 

6. Classes of Solutions 

When we Hunk of solutions, w'c nauiilly 
have, in mmd solid ions of solids ni lupiids. 
But since a sohitioii is delmed as a homo- 
geneous imxlme, it is cMdi'iit l.liat solutions 
arcnol. hmd.ed to tins one gioiip ol imxUires 
Thooielieallv, wo should ho able to inoducc 
the following kinds ol solul.ioiis, which aie 
distinguishod hv dilloienoos in the jilivsical 
state of the solute mid solvent 

(1) Gases in gases (0) fiohda in solids 

(2) Gases in liquid, s. (7) Solids in liquids. 

(3) Gases in solids (8) I iquids in gases. 

(4) Liquids 111 liquids (9) Solids in gases. 

(5) Liquids in solids. 


OF SOLUTIONS 

The nine classes of solutions are illustrated 
by the following examples 

(1) All mixtures of ga.ses are solutions, since 
they ate homogeneous An, for example, may be 
legaidcd a solution in which oxygen, nitrogen, 
ami the inert gases aie homogeneously mixed 

(2) “Soda watei” is a solution of carbon diox- 
ide. Since the gas leacts to some extent with the 
solvent, the solution contains, also, caibomc acid 
d’ho watei that we dunk contains oxygen, nitio- 
geii, and caihon dioxide in solution. The solu- 
hihties ol vaiious gases in watei aie shown in 
Taiile 6, page 19, i The solubility ol a gas is 
usually expiesised as the nunibei of cubic centi- 
ineteis oi giams of the gas which dissolves in 
100 cc of watei (oi ariothci liquid) at a definite 
temperature and pies, sure 

(3) The liydrogen occluded by platinum and 
palladium may be thought of as dissolved in the 
metals 

(4) Watei and ethyl alcohol ai e miscible m all 
(iiopoitions Alcohol and ethei likewise mix m 
all proportions, liut watei and ether foim solu- 
tions containing lelatively small quaiititie,s of 
etliei 111 laige ((uantitie.s of watei, oi small quan- 
tities of watei in laige quantities of ether 

(5) Meieury dissolves in coppei to foim a solu- 
tion of a liquid in a solid 

(G) Metals may dilfuse into one anothei If a 
piece of lead is tightly clamped against a piece of 
gold, the gold will be found, aftei consideiable 
time, to have diffused into the lead and the lead 
into the gold If a sheet of zinc is coated with 
copper, the zinc diffuses into the coppei and 
changes its coloi, and the coppei diffuses into 
the zinc A solution of a solid in a solid is called 
a .solid .solution 

(7) Holiitiniis of solids in liquids are well known 
Mme than any othci kind of solution, they aie 
ern|)loyed m bunging about chemical reactions 
betwoen dilfeient substances. 

(8) iSolutions of liquids in gases aie laie and 
then positive identification as solutions is diffi- 
cult We might legaid a mixtuie of an and 
watei vapor as such a solution, since at the 
temperature of the air water is normally a liquid 

(9) Solutions of solids in gases are also un- 
familiar. A mixture of air and sulfur vapor comes 
as near being a solution of this kind as any that 
can be cited. 
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CONDITIONS THAT INFLUENCE 
SOLUBILITY 

7. Effecf of Pressure 

The only solutions in which the quantity 
oi the solute that dissolves in a definite vol- 
ume of the solvent is appieciably influenced 
by the piessuie aie those involving gases 
The weight of any gas that dissolves in a 
definite volume of a liquid is duectly propor- 
tional to the pressure that the gas exerts above 
the liquid at a constanl temperature This 
IS Heniy’s law Foi every giam of a gas 
that dissolves in 100 ml of water, when the 
pressure of the gas on the surface of the water 
is one atmospheie, 10 g will dissolve if the 
pressure is inci eased to 10 atmospheres, tem- 
per atuie remaining constant The effect of 
pressure may be modified somewhat if a 
chemical reaction occuis between the gas 
and the solvent 

The most lamiliar example of the effect of 
mcreased pressure upon the solubility of a 
gas in a liquid is “soda water” and other 
caibonated beverages The quantity of gas 
that dissolves in a definite volume of the 
liquid IS increased by forcing the gas into 
the liquid under pressure TVlien the solu- 
tion IS bottled, the cap prevents the escape 
of caibon dioxide and maintains the pres- 
sure When the cap is removed, the gas 
escapes, since it is not as soluble when the 
piessuie IS i educed 

If a mixture of gases is brought into con- 
tact with a liquid, or is bubbled through the 
hquid, the solubility of each gas is propoi- 
tional to its partial pressure Each gas dis- 
solves to the same extent as it would, at the 
same piessuie, if the others were not piesent, 
provided that the different gases of the 
mixture do not react ui any way to form new 
substances When air is bubbled through 
water, only about 20 per cent as much oxy- 
gen dissolves as would dissolve if pure oxy- 
gen, at the same piessiire, weie used instead 
ot air. This is because the partial pi cssure of 
the oxygen in the an is only 20 pei cent oi 
the atmospheric piessuie 


The solubility of a gas in a solid also de- 
pends upon the pressure But the “solubil- 
ity” of one gas m another gas is of course in- 
dependent of the pressure factoi. If two 
gases are mixed, the volume is the sum of the 
volumes of the individual gases, provided 
that the pressure is constant; and if the 
volume is constant, the total pressure must 
he the sum of the piessmcs of the individual 
gases 

Piessuie may play an important part m the 
solution of solids in molten materials and in 
other liquids deep down in the earth The crys- 
talhzation of these substances fiom their solutions 
IS also influenced by various conditions of pres- 
sure This is a subiect, howevei, about which 
wo know but little at present, because it does not 
lend itself easily to laboratory expeiiments 
Increase in piessure appeals to increase the solu- 
bility of some solids and dcoiease the solubility 
of otheis In all cases the effects of piessures of 
oidinary magnitude aie slight as compaied with 
the effects of other conditions such as temper a- 
tuies 

8 The Effect of Temperature 

(1) Solutions of Gases in Liquids The 
quantity of gas that dissolves in a given 
weight 01 volume of a liquid decreases as 
the tempeiatuie of the liquid uses Bubbles 
of ail collect on the inside walls of a pitcher 
ot cold water that is left to stand in a warm 
room, indicating that more air is dissolved 
m the cold water than will dissolve at a 
higher temperature If the liquid is laised to 
the boding point, all the dissolved gas is 
expelled along with steam. Variations in 
the solubilities of different gases in water 
with changes m the temperature ate shown 
in Table 6 

(2) Solutions of Liquids in Liquids Some 
liquids will dissolve in water m all propor- 
tions at all temperatures below then own 
boiling points and that of water Among 
these liquids are ethyl and methyl alcohols, 
glyceiine, and sulfuric, acetic, and nitric 
acids. Other liquids, such as gasoline and 
caibon disulfide, do not dissolve in appreci- 
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Solubility (in Grams) of Gas in TOO Grams of Water (Pressure, 760 mm ) 
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Gas 

0° 

10“ 

20“ 

O 

O 

60° 

80“ 

100“ 

Nitrogen 

0 00294 

0 00231 

0.0019 

0 0014 

0 0011 

0 00066 

0 0000 

Oxygen 

0 00695 

0.0054 

0 00434 

0 0036 

0 00227 

00014 

0 0000 

Hydrogen 

0 00019 

0 00017 

0 00016 

0 00015 

0.0001 2 

0 00008 

0 0000 

Carbon dioxide 

0 335 

0 232 

0 169 

0 126 

0 058 



Hydrogen sulfide 

.707 

0.511 

0 385 

0236 

0.148 

0.076 

0.0000 

Sulfur dioxide 

22 83 

16 21 

11 28 

5,41 





able quantities at any tempi'i-ature Still 
others, such as ethyl acetate, bromme, and 
ether, dissolve slightly or model ately at 
oidmary tempeiatiires Liquids of the third 
class dissolve m smaller quantities as the 
temperature uses, inovided that they aie 
iclatively volatile. As the temperature i isos, 
then vapor pros.suie and theiefoie their 
tendency to escape into the va[K)i state in- 
crease If the liquids ai(‘ not readily vola- 
tile, the effect ot tempi'ratiiro upon their 
solubility IS moie complex and varies lor 
different IkiukIs 

9, Vapor Pressures of Mixtures of Liquids- 

Fractional Distillation 

The vajioi piissiire of a mixtiiie of two 
liquids, A and H, vanes at a sjieedic tempma- 
ture with the composition of the mixture 
Dependmp; upon the natiiie of A and B, 
this vaiiation may (1) b(' a gradual, regu- 
lar change fiom the vapor luessiiie of A to 
that of B (a in Figiiic 89a), (2) pass thiough 



A B 

Figure 69 q 

Vapor Pressure at Constant Temper- 
oture of o Mixture of Liquids 


a minimum tor some definite composition of 
the solution (b); or (3) show a maximum 
value (c) for a specific proportion of A and B 
The boiling point of a solution containing 
two liquids is the temperature at which the 
total vapor pressure of the mixture becomes 
equal to the pressure of the atmospheie 
The boiling points of a mixtiue for which the 
vapor pressure varies regularly with com- 
position (a of Figui e S9a) ho along a straight 
line that connects the boiling points of the 
two pure liquids For those mixtures that 
show minima and maxima of vapoi piessiires 
(b and c. Figure 89) lor definite composi- 
tions of the solutions, the boiling point curves 
also pass through minima or maxima 
Let us considoi a mixtuie of two liquids 
foi winch the vapor pressure vaiies with 
composition as shown by a (Figuie 89a) 
Thi.s mixtiuc (Figui e 89b) bods at a tempera- 
tiiie slighl.ly above the boiling point of the 
lower boiling component, B The va]ior 
produced at the lowest boiling point contains 



A B 

Figure 89b 

Boiling Temperatures at Constant 
Pressure of a Mixture of Liquids 
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both components but is richer in the lower 
boiling component than the oiiginal mixtuie 
The composition of the mixtuie is changing 
continually, and this means that the boiling 
point also changes This change is always 
toward the highei boiling substance, A 
The vapoi contains, theieloie, moie and 
moie of this component, as the boiling tem- 
peiatuie rises, and less and loss of the moie 
volatile component If the vapoi is con- 
densed m diffeient fiactions, coiresponding 
to different boiling points, the fiist fraction 
will be iichei in one component (B) and the 
last fraction in the other (A) The first and 
last fiactions may be collected and subjected 
sepaiately to a second distillation m oidei to 
obtain anothoi fi actional separation of the 
vapois evolved at diffeient tempeiatuies If 
this process is repeated seveial times, lela- 
tively pure samples ot the two lujuids aie 
eventually obtained Because of the sepa- 
lation of the distillate (oi condensate) into 
fiactions, this process is called /lachonaf dts- 


UUalion It IS used, for example, in produc- 
ing solutions of alcohol which contain 
largei relative amounts of alcohol than the 
solutions resulting diiectly from fermenta- 
tion pi ocesses It is also used to separate the 
components of othei liquid mixtures, such 
as the mixtures ot hydrocaibons found in 
crude oil 

10. Constant Boiling Solutions 
When a concentiated solution of hydio- 
chloiic acid is heated to the boiling point, the 
vapor which is toimed contains a large 
amount of hydrogen chloiide The solution 
lemainmg in the distilling flask theietore 
contains a gi eater percentage of water than 
at fiist, and the percentage of hydrogen 
chloride decreases as boding continues The 
temperature at which the solution boils 
changes also, becoming higher even than the 
boding point of water Finally, when the 
peieentage of hydiogcn chloiide becomes 
20 24, the mixture boils at a constant tern- 
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perature and product's vapor of the same 
composition as llu' Ik pud which remains in 
the still. This is called a constnul boiling 
solubon, it H'lncscids (he concentration of 
the solution which has l.lii' lowest vapor jnes- 
sureand the lushest lioiliiip; jiuint of all tlie 
possible concenl.ialfons ol solute L'oi the 
solution of hydioRi'ii chloride, the, constant 
boiliiiK licmperalure, a( a pressure of 700 
mm, ib 110“. The comiiositioii of the con- 
stant boiling inixliiie vaiie.s .sliglil.ly wil.li the 
atmospheric jiresMue 

If a vciy dilute soIuItoii of hydrogen chlo- 
ride is distilled, the (irs(. distillate consists 
piincipally of watci 'Plie .solution which 
remains in the disdlhng flask hecoiiies iichcr 
inhydiogcn chloiide, uiil.il Iho percentage of 
20.24 and the consl.unt boiliug ti'iriperalure 
of 110“ are attanu'd It will lie olisc'i ved (.hat 
the boiling iioiiU is higlier than the boiling 
point of either pure component Piue iiitiic 
acid boils at S(i“ The coiis(,ant lioiliug iniv- 
tuie with wati'i boils a(. 1‘20 5° and contains 
68 per cent ol IIXO,, 

Constant boiling solutions aie sonietimes pre- 
pared fm use in analvtical woik, when a .solution 
containing a (Iclmitc weight of the solute m a 
definite \olume of solution is ilcsiicd It is oh- 
vioia that siicli solutions can ho piopaiod only 
for volatile suhstauces, siudi as hvdioehloiic and 
nitric acids The constant hoiling solution gives 
a definite concentiatioii ol tlii' acid, wliicli can he 
leduced to any lowei < oiiceiitiatiou that may he 
desiied liy dilution with watei 

11. The Effect of Temperature upon the Sol- 
ubility of Solids in Liquids 

While llu' innxiininn quantity of most 
solids which dissolves in a delimtc (pianlilv 
of a given liqiinl nu lease, s vvitli using tem- 
peratuic, this is not always tiue Tlie same 
rise in tempeiatuie may cause great increases 
in solubility in some easi's, slight inciwises 
in others, and deerease.s in still othcis Thus, 
a change of tempeiatiue fiom 0° to 72“ causes 
a change m the maximum quantity of potas- 
sium nitrate which will dissolve in 100 g 
of water horn about 12 g at 0° to 140 g at 
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72° For sodium chloride the change is from 
36 g at 0° to about 38 g at 70° and 39 g 
at 100° For calcium hydroxide the quan- 
tity which dissolves at 100° in 100 g of water 
IS 0 08 g , while at 20“ the maximum quan- 
tity that dissolves in the same quantity oi 
water is 0 1 65 g 

The vauations m the solubility of different 
substances with changes m temperature aie 
shown by the curves of Figure 92 For most of 
these substances the cuives are smooth, indicat- 
ing giadual changer m soliilnlity as the tempeia- 
tuie changes In certain instances, howevei, 
shaip bleaks occur in the cuives In the case oi 
sodium sulfate, for example, the solubility fiist 
uses as the tempeiature moi cases, but at a tem- 
poiatiire slightly above 30°, the solubility begins 
to deciease This tempeiatuie (32 4° exactly) 
1.S the transition point at which the hydiate, 
NajSOi 10 HjO, and anhydrous sodium sulfate, 
Na.jSOi, aie iii equihlinum If a solution that 
contains ns much sodium sulfate as will dissolve 
is evaporated at tempeiatures below 32 4°, 
crystals ol the hycliate aie formed At higher 
temperatures, oiystals of the anhychous salt aie 
jnoduced, indicating that the hydiate is not 
stable at these temiiei aturcs Since two sub- 
.stanccs aie involved, and since then solubilities 
vaiy dilfeiently with the tempeiature, theie are 
two .solubility curves foi sodium sulfate, one foi 
the liydiate and one foi the anhydious salt 
Similarly, the bieaks in the cuives toi the solu- 
bility of calcium chloride indicate (1) tiansitioii 
of tlie hexahydiate, CaClj 6 H 2 O, to the quadu- 
liydiate, CaCl 2 4H20, at 30°, and (2) tiansition 

01 the quad] ihvdrate to the dihydrato, CaCb - 

2 II 2 O, at about 45°. 

12. Fractional Crystallization 

Diftercncos m the vauations of the solu- 
bility of (lilfoient siibstancGS with the tem- 
peuituie arc used in sepauitmg the soluble 
components of a mixtuie Let us consider, 
foi example, a solution of potassium nitrate 
and sodium chloiide in watei, this solution 
IS actually a mixtuie of potassium, sodium, 
nitiate, and chloride 10 ns When the watei 
is lemoved by evaporation, we might expect 
crystals of any one or of all four substances 
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Figure 93. Production of Silver Nitrate 

Sliver nitrate is produced by crystallization of "silver salt" from a solution of silver In nitric acid A new method is now 
used to replace the old way of making the crystals by evaporation in open porceloin dishes. 


to about 12 01 13 g. at 0°, whereas the solu- 
bilities of the othei substances (NaCl, KCl, 
and NaNOi) do not vaiy iieaily as much 
Hence, the first batch of ciysLals that forms, 
as the temper atuu) diops, will consist prin- 
cipally of potassium niliato II these arc 
dissolved in watei , and the solution is again 
evaporated, hlfeied, and cooled, the liist 
crystals that lorm u]ion cooling will again 
consist largely of potassium niti ate and will 
be more neaily pure t ban those first obtained 
By repetition of this process piactically 
pui c potassium niti ate can be prepai ed This 
piocess IS called fiachonal aystallizalion, it 
IS often used in purifying substances that aie 
readily ciystallized Irom solutions Foi the 
purification, of organic compoimds, alcohol 


or ether may be substituted for water, if 
the compounds aie moie readily soluble in 
these solvents 

1 3 Diffusion in Solution 
The fact that solutions aie homogeneous 
mixtures must moan that the molecules ol 
the solute, howc'Vei few of tliesc' tlieic may 
be in a definite volume ol the solution, sepa- 
rate from one another and become uniformly 
distributed throughout the inixtiue If a 
few crystals of a highly coloied substance, 
such as potassium peimanganate, are placed 
in the bottom of a cylmdci that is filled with 
water, the substance passes into solution 
After some time, the color of the solution be- 
comes uniform from top to bottom, and we 
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can say that the mixture is homogeneous 
The pai tides ot the solute that appear in 
the upper portion ot the solution artu'e 
theie by diffusion, piovided that the solu- 
tion IS not distiiibed by stirung or shaking 
In this lespect the molecules of the solute 
act in the same mannei as gas molecules 
Theie aie many more molecules in a solu- 
tion, however, than in an equal volume of a 
gas, in which the molecules are fai apart 
This condition i csults in a grcatei number of 
collisions in solution and decreases the late 
at which molecules of one substance can 
penetrate tlie space occupied by another 
The process is fuithcr retarded bv the slower 
velocities of molecules in the liquid state 
Unless aided by stirring or some form of agi- 
tation, a verj' long time — measuied fot 
most solutions in days instead of minutes — 
is requiiecl for diffusion to pioducc a homo- 
geneous mixtuie 

14. Distribution of a Solute Between Two 
Immiscible Solvents 

What happens when two solvents compete 
for the same solute’ This situation is some- 
times encountered m the laboiatoiy In one 
of the tests used to detect the iiresence of 
iodide ion, I", m acpieous solutions, the 
iodide IS first oxidized to fiee iodine, U, 
which dissolves slightly in watei A few 
drops of an oiganic liquid, such as carbon 
disulfide, CS 2 , which is immiscible with water 
are added, and the mixtuie is shaken The 
iodine IS more soluble in carbon disulfide 
than in water A large part of it, thei efore, 
leaves the solution in water and dissolves in 
the organic liquid, which is hgliler than 
water, and hence the organic liquid sepa- 
rates as the top layoi This solution is moie 
concentrated than the oiigmal aqueous so- 
lution and reveals moie clearly the jiresence 
of iodine, which forms m caibon disulfide a 
limk to violet solution, de]iending upon the 
concentration By this piocess iodine is ex- 
tracted from an nqueoius solution By siini- 
lai proceduie many substances useful in 
medicine are extracted with alcohol or some 


other hcpiid from the natural materials in 
which they are found 

A solute IS distributed bet ween two i 'nmiscihlc 
solvents in pioporhon to the solubility of the 
substance in each of the solvents This is 
called the Distribution Law, and the ratio 
ot the solubilities of the solute in the two 
solvents is called the Distnhuiion Ratio 
The value of this ratio is constant for a 
definite temperatiiie, provided that the com- 
position of the molecules of solute in the two 
solutions IS the same 

15 Evidence of Chemical Changes in Solutions 

Although solutions are to be regarded as 
simple mixtures of the pai tides — molecules 
01 ions — of two or moie substances, there 
are indications of chemical changes when 
many solutions aie made Such changes 
often determine, m laige measure, the extent 
to which one substance dissolves m another 
In some solutions the evidence ot chemical 
change is slight, and the solutions behave 
almost as simple mixtures, a solution of this 
kind appioaches in behavior the conditions 
that we should expect in an ideal solution 

Some of the evidence that indicates chemi- 
cal changes when certain solutions are made 
IS summarized below 

(11 Volume Changes The volume of a sofution 
containing two .substances iniglit be expected to 
equal the sum of the volumes of tlie components 
hefoie they aie mixed In many ca.ses, howevei , 
the v'olumc of the solution is gieatei or less than 
thus Slim If 500 ml of alcohol is mixed with 
500 ml of water, foi example, the volume of the 
inixtui'e IS about 905 ml instead of 1000 ml 
Such changes m volume may m some instances 
be pioduced by leactions between solute and 
.solvent which lesult m a change in the total 
number of molecules as well as in the kind of 
molecules m the mixture In other solutions the 
change may result fiom the relatively stiong 
foi ces of attraction between molecules of solute 
and solvent, foi cos which hind the molecules of 
the two substances moie closely together than 
the molecules of cithei suhstaiice alone aie held 
(2) Temperature Changes When solutions are 
made, some temperature change is to be expected 
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In all ca&cs involving two hiilihLannoH oL diffeiuiit 
physical states Tlie mi\iiig of two gases or two 
lidiucls need not involve the absonition oi lilieia- 
tionof cneigy, if the solution icsiilting is a simple 
mixtuio But when a gas (lissohe-, m a Inpiid, 
we must think of the solnte as having been con- 
verted fioin the gaseous to th(' h([Uid state, a 
change winch in\ oh e-,eneigy II asohd dissohes 
111 a liquid, we must think of the solid as liaviiig 
been changed to a Iniuid This change- iiho in- 
volves encigy In the solution of a gas the e,hau,'',e 
of state to the hciuid should mean that heat is 
libeiated. For solids heat should be absorbed. 
We might expect, thciefnic, that the solution of a 
gas in a liquid should i esiilt in an inci ease in tem- 
pciatinc If we weie to siqiply heat we should 
expect the change to oeeiit m the opposite direc- 
tion. Thw is undouliteillv one condition which 
eaiLses the .sohihihtv ol all gases to docieaso with 
using tempoi atuic ( )n the othci hand, the .solu- 
tion of a solid m a liquid should lesull m dccieased 
tompeiatuios, and soluhihty might h(> expected to 
inoi'ease as the tempci atuic uses 'I'his is gen- 
ei ally but not always tiuc ([lage 197). 

If oliangos of state wcic the only causes ol tem- 
peratme oliangc.s iii the foimatioii of .solutions, 
we should expect that the changes ocouiimg 
could be piedicted with a lau degiee of aecu- 
laoy Usually, liowevei, this is uol the case It 
often happens, foi example, that the solution of a 
solid in a lupiid losults m tin- liheiiition of lieat 
Thus, the solution of one giiuii-iiiok'ciiliu n eight 
of aminoniuin iiitiate in 200 giain-moleeulai 
weights ol watei (aliout S6()0 ml ) lesults in the 
absoiption of 6320 calories, while the sohitiou ol 
one gram-molocidai weight of sodium hydioxidc 
ill the same (piautity of watei lesults m the hhei- 
ation of 9940 calm les 'The solution of one giam- 
molccnlai weight of ealcnim cliloiidc m 300 giam- 
nioleculai weights ol watei liheuiLes 17,410 eal- 
oiies A solution m winch ammonium nitiati' is 
dissolved becomes coldci, wink- solutions ol 
.sodium lijdioxide and calcium chloiide heeomo 
waimei Watci placed hcncath a hcakci m 
winch ainnioiimm nitiate is dissohmg can be 
hozen, while watei into which sulluiio acid is 
ponied can he made to boil 

Whenevci abnoinial heat changes oecm, as 
solutions me made, wc can be leasonnbly ccitain 
that cheinioal change is going on In a solution 
of calcium clilonde m watei, foi example, the 
change piobably involves the formation of the 


hydiatc CaCbb HaO fioni the anhydrous salt 
AVhen the hydiate dissolves, we find that heat is 
ahsoihed and that the tempeiatuie falls, if one 
giam-tnoleculai weight of CaCla 6 II 2 O is dissolved 
m lot) gi am-molocnlai weights of watei, 4310 cal- 
oiie.s of heat aie ahsoihed The dilleiciice lie- 
tvvecn the heat change in this solution and tliat 
m the .solution of the anhydions salt is clcaily 
due to a chemical change which occurs 111 the 
lattei hut not m the foimei 

16 Evidence of Definite Compound Formation 
in Solution 

When many .sub, stance, s aie dissolved and 
the lesultmg solutions arc evapoiated, the 
ciystnls inoducod arc not tho.se of the sub- 
sUuiee oiigmallv dissolved but ol a hydiate 
(lingo 181) Thus, flora solutions ot bodiuin 
siillatc wc obtain ciysials (below 32°) of 
NujSO, 10 H.-O, and bom solutions of cupric 
■sullntc, ciystnls ol ('ufj0i,5H20 The foi- 
niation ol Ihcso substances is dehnile evi- 
dence of ehcmieal change, and (he most, 
logical assuin]ition is t.hat the change oe- 
currerl when the substances weie dissolved 
We cannot argue, of course, that the extent 
to whicli watei is combined with the ions of 
a salt IS the same in the solution as it is m 
the eiyslnllme stale; it may be the same, 
it may be moie, oi it may lie less We have 
no e<mveni(‘nf way ol determining the 
answei to this (juesLion 

Still mom tliiecL evidence of chemical 
change is obtained when a com]iound is 
loimcd which has no existence outside the 
solution Thus, neither water nm ammonia 
has any elh-et on litmus papei But when 
ammonia di.ssolves m w'atei, the solution 
tiiins led litmus blue This hc'hiivioi mdi- 
eates that the solution contains hydnixvl 
ions Accordingly, wc must coiichuh' Unit 
ammonia leact.s, at least to some extent, 
with watei to ioim ammonium and liy- 
dioxyl ions A solution containing these 
ions IS usiiallv called ammonium hydi oxide 

NH, -f IIOH NH,+ -b OH” 

Siimlaily, we must conclude that solutions 
of the oxides of non-metals such as caibon 
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dioxide, sulfur dioxide, and phosphorus pen- 
toxide contain acids, which are produced by 
the reaction of the oxides with water A 
solution made by mixing calcium oxide and 
watei contains calcium hydi oxide Wlien 
sodium peioxide appeals to dissolve, it ac- 
tually leacts with watei to foim oxygen and 
sodium hydi oxide, and the latter forms the 
solute of the solution The extent to which 
reactions of this kind occur is an important 
factoi m deteimming the quantity of the 
substance that dissolves in a definite volume 
of the solvent We must assume that the 
quantity of sulfui dioxide, for example, that 
dissolves m a htei of watei would be con- 
hideiably difieient, if the solute did not leact 
with water to foim sulfuious acid 

THE CONCENTRATION OF SOLUTIONS 

17 Comparisons of Solutions 
It is often necessary to compaie one solu- 
tion with another with lespect to the relative 
amounts of solute and solvent that they con- 
tain, Frequently, also, solutions containing 
definite weights of a solute pei volume must 
be piepared for use in the laboratory, m 
medicine, or elsewhere A lough compaiison 
can be made by classifying one solution as 
concentiated and another as dilute, depend- 
ing upon the lelative amounts of solute that 
they contain in the same volume of solution, 
blit this distinction is indefinite and gives, 
of course, no exact mfoimation about the 
composition of the solutions A solution that 
IS concentiated as compared to another may 
he dilute as compared to a Ihiid 

The concentration of a solution represents 
the cpiantity of solute in a dohnite quantity 
of the solution or of pine solvent To ex- 
press concentration in a unifoim raannei — 
a condition that is necessary when compari- 
sons are to be made ~ suitable units must 
be adopted One system expresses the weight 
lu giains ol the solute in 100 ml of the, solu- 
tion, 111 100 ml ol the pme solvent, oi m 
] 00 g of tlie holv out Tf ox-pressed as grams 
of solute 1)01 lOO g of solvent, the concentra- 


tion can also be stated in percentage. The 
concentration is usually expressed, however, 
in terms of molar, normal, or molal solutions 
These teims are explained in the sections that 
follow 

18. Molar Solution 

Many of the physical pioperties of a solu- 
tion, such as the freezing point, depend upon 
the number of molecules of solute in a definite 
volume of solution — more exactly, in a 
definite quantity ol pure solvent; hence it is 
frequently desirable to express concentration 
m teims of gram-molecular weights, instead 
of giams, of solute 

A solution containing one gram-moleculai 
weight of a solute in one litei of solution is 
called a molar solution ^ It is evident, of 
couise, that a solution containing two gram- 
moleculai weights in two liters has the same 
concentration as a solution containing one 
gram-molecular weight m one liter or one 
tenth of a giam-rnolecular weight in one 
tenth of a liter A solution of which one 
liter contains two giam-molecular weights of 
solute IS a two molai (2 M) solution, and one 
contammg one tenth of a gram-moleculai 
weight in one litei is a one-tenth molai 
(0 1 M) solution 

To prepare a molar solution of sulfuiic 
acid we mix 98 076 g ol the acid with suffi- 
cient watei to tonn one htei of solution A 
molai solution of sodium hydroxide contains 
40 008 g of the solute per htei, and a solu- 
tion of hydiochloiic acid contains 36 468 g 
of acid pel liter If molar solutions of hydio- 
chloric acid and sulfuric acid are added to 
equal volumes of a molar solution of sodium 
hydroxide, the volume of the solution of the 
acid required tor complete neutralization of 
the base will be found to be twice as great 
for hydrochloiic acid as for sulfuric acid 
Tlufa difference depends upon the fact that, 
one gram-molecular weight of sulfuric acid 
leacts with two gram-moleculai weights of 

* For ionic compounds, such as sodium hydi oxide, 
the Kram-moleciilar weight is really the giam- 
formula weight (page 140) 
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sodium hydroxide, while one gram-moleeuhir 
weigM of hydiochloiic acid loacl.H with only 
one of sodium hydroxide 

(H-i- f c'l-) + (Nil'- + oi-r) 

(Nil' + CT) + Hid 
(2>I+ h SOr) + 2 (Na' + OH-) — 

(2Niii +SOr)+2HjO 

19. Normal Solution 

In exaoL conipiirisons of ono .solidioo with 
anothei, the conccntiations should be de- 
fined in such a inannor that ecpial volumes ol 
the solutions of the same eonei'iitiatioii are 
actually equivalent Tins is not tine of 
molar solutions, because one liter of niolai 
sulfuric acid, as shown above, is ('(luivaloiit 
to two liteis of TTiolai hvdtochloric acid in 
the reaction with sodiuin hydioxide It 
conceiiti al.ion is expiessed as the numbci ot 
equivalent welkin ol solute jiei Idei of '’ohi- 
tion, equal volunu's ol solulioiis of dilfcTeul 
substancua wdl leaot with tlic' same volume 
of tho solution of a tliiid sulistaiiee 
A solution (onlaininy one gi arn-e,quiv(ileiil 
weight of solute pei litei is a noimal solulion 
According to this im-thod ol designating the 
conceiiliation, solutions are desciibcd as N, 
2N, 10 N, 0 1 X, Ol X/IO, etc , depending 
upon the niimbei of gram-equivalent weights, 
01 fiaction (hcieol, pel htei q’hese symbols 
represent the noimality ol the solution 


I’he equivalent weight of hydrochloiic acid is 
the same as the molecular weight, since each 
molecule contains one atom of hydrogen, a 
normal solution of hydrochloric acid contains the 
same weight of acid pei liter as a molai solution 
A molecule of sulfuric acid, however, contains 
two liydiogcn atoms, and the equivalent weight is 
consequently one half of the moleculai weight, 
hence a molar solution of this substance contains 
twice as much acid as an equal volume of the 
nounal solution Two liteis, ono of normal liy- 
diochloiic and the othoi of nounal snlfuiic acul, 
contain tho same quantities of hydiogen, and 
each will neutiahze one litei of noimal sodium 
liydioxide One litei ol noimal phnsphoiic acid 
(HiPOi) solution contains one thud of a moleculai 
weight Table 7 shows the weights ot other sub- 
stances m one liter of then normal solutions and 
also the normahh/ and inolai concentiation of 
solutions containing othei weights of the solutes 

AIN solution of any hydroxide contains 
17 008 g, of hydroxyl ion, or the equivalent 
weight of the hydroxide, per litoi , ono OH~ 
Kill IS equivalent to one H'*’ ion To find tlie 
weight of a salt lequiied to make ono litei 
of a 1 N solution, divide the formula weight 
by the total of either the positive or the 
negative chiuges on the ions of the salt 
Thus, foi NaaSOi one-half of the gram- 
molcculai, oi gram-formula, weight, would be 
required to make one liter of 1 X solution 

The noimality of a solution of unknown con- 


TABLE 7 


The Normality of Solutions 


Substance 

Mol Wt 

Weight per 

Liter of 

1 N Solulion 

If the Weight 
per Liter is 

The Normality is 

The Molar 
Concentration Is 

Barium hydroxide 
(Ba(OH).) 

171 39 

85 695 

21 424 

N 

0 25 N or - 
4 

1/8 M 

Sodium sulfate 
(No, SO,) 

142 064 

71 032 

7 103 

N 

01 Nor - 

1/20 M 

Sodium chloride 
(NaCI) 

58 46 

58 46 

29 23 

N 

0 5 N or - 
2 

1/2 M 

Stannic chloride 
(SnCI.) 

260 54 

65.135 

0 6514 

N 

0 01 Nor 

1 00 

1/400 M 
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1 Liter of 
Solution 

1 Gram-Molec- 
ular Weight 
of Solute 


1 Liter of 
Solution 

1 Gram-Equiv- 
alent Weight 
of Solute 


1000 Grams 
of Solvent 

1 Gram-Molec- 
ular Weight 
of Solute 


IM IN Im 

Figure 94 Comparison of 1 Molar, 1 Normal, and 1 Molal Solutions 


centration can be determined if the volume of a 
eolation of known normality with which a definite 
volume of the “unknown” leacts is found by ex- 
pciiment If the concentration of the solution of 
known normality is 1 N, and equal volumes of 
the two solutions react, then the normality of 
the “unknown” is also 1, but if only half as much 
of the “unknown” is required, its conceiiti ation 
IS 2 N, and so on 

20. Molal Solution 

Concentration is also expressed as the 
number of giam-molecular weights, oi the 
fraction of a gram-molecular weight, of the 
solute dissolved in 1000 g of solvent A 
solution containing 1 gram-moleculai weight 
of solute in 1000 g of solvent is said to have 
a concentration of one molal (1 m) Foi 
very dilute solutions the molal and the molai 
concentrations are practically identical, but 
in concentrated solutions there may be con- 
siderable difference between the two 

21. Sample Problem Involving Concentration 

If 200 ml. of a solution containing 4 g of 
sodium hydroxide per liter is lequiied to neutral- 
ize completely 100 ml of a solution of sulfunc 
acid, what is the normahty of the solution of the 
acid? 

A normal solution of sodium hydroxide con- 
tains 40 g of the base pei liter Hence a solution 
containing 4 g per htei contains only 1/10 as 
much sodium hydroxide and its concentration is 
0 1 N Now if ] 00 ml, of the solution of the acid 
neutralizes 200 ml, of the base, 1 liter of the acid’s 
solution will neutralize 2 liters of the base. 
Hence the concentration of the acid must be 
twice as great as that of the base, or 0.2 N. 


22 Equilibrium Between a Solution and the 
Undissolved Solute 

(1) Gas Dissolved in a Liquid Let us con- 
sider a solution of carbon dioxide in water 
In a closed vessel contammg water in the 
lower part and carbon dioxide m the space 
above the liquid, molecules of the gas that 
strike the suiface may penetrate the body of 
the liquid, theieby forming a solution 
These molecules may also leave the solution 
if, upon coming to the suiface from below, 
they possess sufficient energy to break away 
from the atti action that binds them to water 
molecules After a time, when molecules of 
the gas enter and leave the solution at the 
same rate, a state of equihbiium resembling 
the equilibrium between a liquid and its 
vapor will be established This equilibrium 
may be disturbed by changes in the temper- 
ature or by changes in the pressure of carbon 
dioxide above the liquid If, for example, the 
piessure of the gas is mercased by forcing 
moie of it into this space, more molecules 
strike the surface and enter the liquid than 
leave the liquid in the same peiiod oi time; 
and hence the solution becomes more con- 
centiated When equilibrium is established 
again, the solution will contain a greatei 
quantity of the gas per htei , and there also 
will be present above the liquid more of the 
undissolved gas per unit of volume In 
general, the solubility of a gas in a liquid 
follows Hemy’s law (page 194) 

If the temperature of a solution of a gas 
in a liquid is raised, equilibrium between 
the solution and the undissolved gas above 
the solution is disturbed, because molecules 
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of the gas leave the solution in gioatei- num- 
bers than they enlor it The concentration 
of such a solution decreases with rise in tem- 
peratuie, m an open vessel in which there 
can be no apinociable prcssuie of Iho gas 
above the suiface of the liquid, the dissolved 
gas can be expidled coniiiletely fiom the so- 
lution by heating The same result would 
bepiodiiced ovenliially at looin tempcratuie, 
but it IS considerably hastened by heating 

In the boiling liquid tlio removal of the 
gas IS still fuiLher acccdeiated, because it 
escapes into eveiy liublile of watci vapoi that 
torms in the solution, and thus is carried 
away. The dissolved gas may also be re- 
moved by bubbling anothci gas — an is 
often used, and sometimes nilrogen because 
it IS inactive — thiough tlie solution Evei v 
bubble that leaves the solution caiiies with 
it some of the rhssolvwl gas, which escapes 
into the biilible foi (he same reason that it 
escapes into the space iiliove the suiface of 
its solution; buiiblcs simply inciease the 
amount ot surface 

The soluhihiy of a pas in a liquid lefers to 
the quantity that dissolves in a definite 
volume, or weight, of a liciiiid at a doliuite 
teraperatiiie and iiiuhn a delimte paitial 
piessuie of the gas 'riio paitial pinsbure is 
usually 700 mm , the (luaiitity of gas may lie 
expiesscd as giams oi as tlie iiumbei of milli- 
liters (ml ) ; the (piantity of liquid solvent is 
usually 100 ml oi 100 g The solubility oi 
gases may be cvpicssed, also, as (he number 
of giam-inoleculiii weights poi liter of solu- 
tion 

(2) A Solid /)isw/w’d in a Inquid A solid 
01 a liquid also reaclics a state of equilihiium 
with its solution, il it is added in cx'coss of 
the quantity that dissolves IjcL us consider 
the solution ol a solid m a liquid (FigiuoO.')) 
Moloculos — or ions, il the substance is com- 
posed of ions — enter the solution from the 
surface of the solid, for sodium chloiide the 
pai tides that entci the solution aic sodium 
and chloiide ions, while for sugar they aie 
molecules As they move through the solu- 
tion, some ot the pai tides of the solute may 
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Figure 95 The Conditions Required for Saturation 
The Equilibrium Between the Solution and Undlssolved 
Sodium Chloride 

come into contact with the surface of the 
solid, and of these a ceitain numbci will bo 
caught and held by the same foices that 
originally held them in the crystal The 
number of particles thus returning to the 
ciystal’s stiiicture, out of the total number 
that strike the suiface, depends upon seveial 
factors, among which aie (1) the strength 
of the attraction that binds the pai tides m 
the crystal, and (2) the kinetic energy of the 
parl.iclcs, a condition that depends upon the 
tempciature of the solution Equihbiium 
between the solid and its solution is reached 
when particles enter the solution and letuin 
to the solid at the same late Equilibrium of 
the entire volume of the solution with the 
solute is obtained more quickly by stiiring oi 
shaking, because the rate of dilfusion ot the 
solute IS slow Agitation theicfore increases 
the late of solution 

23. Saturated Solutions 
The state of equilibiium between the un- 
dissolved poiLion of a substance and its 
solution leqiiires that the solute be present 
in both conditions, dissolved and undis- 
solvod Under these conditions we can say 
that the .solution contain.s as much of the 
solute per unit of volume as it can hold A 
saLiiinted solution is dehned as one in equi- 
librium with the undlssolved solute 

We cannot be certain that a solution is 
satuiated in the absence of the undlssolved 
solute When equihbiium has been estab- 
lished the saturated solution can be sepaiated 
flora the excess ot the solute by decantation 
Ol filtiation, but when this is done we cannot 
be ceitain that the solution remains satu- 
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rated, unless we know that the conditions 
remain absolutely constant There must be 
no change m tcnipeiature, for example, and 
none of the solvent should be allowed to 
evapoiate The quantity of solute pei unit 
volume of a saturated solution is called the 
solubility of the solute and is expressed, 
usually, as grams pei 100 ml. oi per 100 g 
oi solution 01 as gram-moleculai weights pei 
htei 

The solubility of most solids inci eases with 
the tempeiatui e This means that moi e par- 
ticles must be piesent, per unit volume of 
the solution m contact with the solid, to 
establish equilibiiuin as the temperatuie m- 
creases This lequiremeiit is due, no doubt, 
to the gi eater kinetic eneigy of the particles 
at the highei temperatui e The gi eater then 
eneigy, the smaller the percentage of the 
pai tides striking the suitace that re-entei 
the solid state 

24 . Supersaturated Solutions 

If a solution that is satuiated with a solid 
solute at a modeiately high temperatuie is 
separated from the excess of solute and 
cooled to a lowei temperature, usually it 
Will contain more of the solute per unit of 
volume than coiiesponds to the solubility of 
the .solute at the lowci tempeiatuie We 
should expect the excess of the solute to 
sepal ate as ciystals from the solution as the 
tempeiatuie falls, but in the absence ol at 
least a small quantity of the solid, separation 
may not occui The condition of the solu- 
tion IS then described as supenaturated 

Supeisatuiation is not difficult to imder- 
stand, when we take into consideration the 
chaiacter ot the solid state. As previously 
shown, pai tides of most solids are arranged 
m legular patterns (compare the crystal 
structure of sodium chloiide, page 56) 
Now it a structure such as this is in contact 
with a solution, particles of the solute that 
come into contact with its surface may join 
the sliuctuie alieady existing (Figuie 96), 
but il the solution is in contact with no such 
siiiicture, then a certain number of pai tides 



Figure 9& Supersalumllon is impossible in the 
Presence of the Undissolved Solute 

Sodium and chloride ions in this solution of sodium 
chloride may |oln the ions composing the crystal that al- 
ready exists, thus causing the crystal to grow and making 
a supersaturated solution impossible 

must simultaneously come into the lequiied 
positions to establish the first unit of ciystal- 
line growth Equilibuum as applied to a 
solution IS defined as the condition resulting 
when particles of the solute leave the solid 
state and return to it at the same late If 
the solid state is not present, there is nothing 
to which the pai tides can letuin fiom the 
solution Until a portion of the sohd struc- 
tuie IS begun, it is evident, thercfoie, that 
the solution may contain a greater conccn- 
Uation of the solute than corresponds to the 
actual solubility The addition of a very 
small crystal of the solute starts crystalliza- 
tion and leheves the supeisatuiation Add- 
ing othei kinds of crystals, shalang the solu- 
tion, and sciatching the inner wall of a glass 
vessel containing the solution are othei 
methods sometimes used to start the sepa- 
ration of the solid A scratch may leave an 
megular an ay of molecules which attract 
molecules of the solute flora the solution in 
the same manner that crystals of the solute 
itseU attract them. 

Oui explanation of supersatmation docs not 
cover all cases. It does not show, foi examjile, 
why some substances foim supei satuiated solu- 
tions moie readily than othei s, ot why some super- 
saturated solutions are i educed to the satuiated 
state raoie easily than otfieis Noi does it 
explain the formation of supei satuiated solutions 
of gases, foi which supei saturation is moie often 
encountered than foi any other type of solute 
fcJoda watei, ginger ale, and other caibonatod 
wateis aie often supeisaturated, even after they 
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have been pomed into open vessels Caibon 
dioxide first escapes in laifio quantities, but the 
ebullition soon ceases. It may be started again, 
however, if the solution is stiiied or .shaken. 


the properties of solutions 

25. Introduction 

The propei-tio.s ot solutioiis to which wc 
refer in this .section lu c physical in characi.er 
and inchulo vapor prctfsioo, boiling point, 
freezing point, and osmotic ptesswe. Tlieic 
IS a high dhgrec of icgulaiity in the projicr- 
ties of solutions con(.aining dilfeient solutes 
in the same solvent The important fad, or 
in the determination of the exact values of 
these propel ties appeals to he the numhci of 
pai ticks ol the soliit.e that is mixed with a 
definite number of moleeulcs of a given sol- 
vent, UsunllVi the weight of the solvent is 
fixed as lOOO g In 1 ()()() g of watei, lor ex- 
ample, there are 1000/18 = .% 5 giani- 
molecular weights Now, if one gram-mo- 
leculai weight of any solute is dissolved m 
this weight of watoi, we (ind that the piojiei- 
ties ol the solut,ion are the same, regaidh'ss 
of the nature ol the solute, provided no change 
occurs eicept that lesulUng in a mixiwc of the 
two kinds of molecules If a change occuis, 
producing fcwei or more paiticlcs than aic 
contained in 55 5 giain-iiioleculai weights of 
water and one gram-molecular weight of the 
solute, the piopeities of the solution will 
vary, of coiiisc, to an oxhuit depending upon 
the extent of this eliange 
In speaking of sohilions in this section ivo 
shall refer to mixiures of solids and liquids 
unless otherwise' s(.at('d We shall assume 
that the solid solul.e has a negligible vapoi 
pressuie as compared with the solvent Al- 
though wc shall usually speak of water as 
the solvent, our statements can be apphoil 
to solutions in othei solvents, piovided that 
proper changes aie made in the numerical 
values quoted These changes will be indi- 
cated as they appear m the di.sciission that 
follows 


The regulaiities to which wc shall refer m deal- 
ing with the piopertics of solutions are subject 
to ceitain i e.strictions They aic exact only foi 
dilute 01, at the most, moderately concentrated 
.solutions, and they hold true only for solutes 
which are nou-elGctinlytcs hlveii foi many sul)- 
stances which aic not lecogmzed as clectrolyte.s 
the laws fail to hold exactly Foi salts, acids, and 
bases they often fail completely, but even foi 
some of those substances the lelatioiis are at least 
qualitatively valid The deviations of the prop- 
el ties of solutions of elect! olytes from the legu- 
lanties displayed by .solutions of non-electiolytcs 
will be discussed in a latei chapter These devia- 
tions are of gieat signihcance They arise fiom 
the fact that ionic compounds, oi other com- 
pounds that pioduce ions in solution, liberate 
moie paiticlcs than conespond to the numbei of 
pai tides in a giam-molccular weight of a com- 
pound composed of molecules A gi am-molecu- 
lar (oi formula) weight of Na’^Cd", foi example, 
piocluces in a solution twice as many paiticlcs 
(Na'' and Cl“ ions) as it would if it wcie marie 
up of NaCl molecules , each ion has as much effect 
upon the ))!oi)Citios of the .solution as a molecule 

26. Vapor Pressure 

Although we sometimes speak of the 
“vapor pressure of a solution,” we refer 
usually only to the vapoi pios.sure of the 
water (or othei solvent) Since a solution is 
not a choraical compound, it cannot have a 
characteristic vapor pressuie of its own, and 
smee water is not chemically changed when 
it becomes a part of a solution, we must ex- 
pect water molecules m a solution to behave 
as they do in the pure solvent, subject of 
course to certain physical conditions result- 
ing from the piesoncc of the solute Thus, 
the water molecules in a solution escape 
through the sinface to pioduce xvater vapoi, 
and an equilibrium is sot up between the 
vapor and the water in the solution At a 
given temperature, however, the pressure of 
the vapoi at equihbimm is always less than 
the pressuie of the vapor m equilibiium with 
the pure liquid We assume here that the 
solute has only a negligible vapor pressuie 
In dealing with solid solutes this assumption 
IS almost always justified 
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Figure 97 The Vapor Pressures of o Solufion (left) 
and Pure Solvent (right) 

Why IS the tendency of water to evaporate 
fioin a solution less than the tendency of 
pure water to evaporate? Let us consider 
a solution of sugar in water. The water 
molecules that strike the suiface probably 
have almost as much chance of escaping as 
do those of the pure solvent, if the solution 
IS dilute It IS tiue, of course, that the 
chance will not be as gieat, if the attraction 
between molecules of water and sugai is 
strong ^ — stionger than the attraction of 
water molecules for one another, this attrac- 
tion, however, does not affect the behavioi of 
water molecules to an appreciable extent 
until the concentiation of sugar becomes 
fairly lugh But to the extent that it does 
have an effect, it will lower the vapoi pies- 
sure of the water 

Since, however, the effect of a solute upon 
the vapor pressure of a solvent in dilute 
solutions IS practically independent of the 
nature of the solute, as long as no chemical 
change occurs when the solution is toimed, 
it would appear that attraction between 
molecules of solute and solvent is not the 
only important factoi detei mining the extent 
to which the vapor pressure of the solvent is 
decreased Piobably of greater significance, 
in dilute solutions, is the simple effect of 
sugar molecules in impeding the motion of 
water molecules, thus decreasing the number 
that reach the surface in a certam period of 
time. The sugar molecules do not escape 


through the surface to form vapor, they act, 
therefore, as obstacles in the path ot water 
molecules If this is a primary cause of the 
decrease in the vapor picssuie of water, the 
kind of solute molecule has little to do m 
determining the extent of the effect, and 
furthermore, the decrease in vapor pres- 
sure should be proportional to lire nuin- 
bei of molecules of solute that is mixed 
with a definite number ol molecules of 
solvent 

27 Raoult's Law 

Raoult formulated a law, now called by 
his name, which deals with the relation of 
the concentration of the solute to the lower- 
mg of the vapor pressure of the solvent 
This law IS stated as follows The lowering oj 
the vapor piesswe of a solvent by a solute is 
diiectly propoi iional to the weight of that solute 
dissolved in a definite weight of the solvent 
This law holds true only for dilute solutions, 
and only if the solute and solvent do not 
leact Raoult’s law is also stated sometimes 
as follows The vapor pressure of the solvent 
in a solution is directly pioportional to the 
mole fi action of that substance in the solu- 
tion The mole fraction of the solvent refers 
to the fraction (of the whole number of mole- 
cules present in the solution) that consists 
of solvent molecules Thus, the mole frac- 
tion of watei molecules m a molal sugar 
solution (1 g -mol wt of sugar per 1000 g. of 
water) is 56 5/55 5 -k 1 = 0 983 The vapor 
pressure of the water in this solution is, con- 
sequently, only 0 983 of the vapor pressure 
of puie water 

In studying the effect of solutes upon the 
properties of the solvent, oi more often in 
studymg the condition of the solute in the 
solution, vapor pressure determinations are 
seldom employed, because of the difficulties 
involved m their measurement Instead, 
boiling and freezing points aie detei mined, 
but smee these properties are dependent 
upon vapor pressure, the results measure 
the same effects 
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28 The Lowering of the Freezing Point of the 
Solvent 

When an unsal.niaied .sohiLiori is cooled 
to a sufficienlily low tcinporaturo, the ciystaLs 
produced as the lesuK, of fieezirig are those 
of the pure solvent, not, of the solul.ion itself 
The tempeiatvue at which those crystals aie 
fonncd is below the freezing point of the 
pure solvent Thus, sea water freezes at a 
lower toniiK'ratuie than fiesh water because 
the former contains larger cpiantities of sub- 
stances in solution. We use aqueous solu- 
tions of various sulistance.s (give, ei me, glycol, 
alcohol) instead of imie water in automobile 
radiatois because they freeze at lowci tem- 
peratuies The water of the car’s stoiage 
battery docs not fiec'zc, duiing wmtei 
weather, liecause it contains suUuiic acid la 
solution 

Let us considei the lieeziug point of pme 
water and of tlu' water m a .siigat .solution 
Refer to Figuu' 98 It will lie seen that 
pure water and lec liave the same vapor pics- 
sure at 0° C , but this is not tiuo of ice and 
the water in a .solution At 0° C., the vaiioi 
pressure of lee is greater than tliat of tlio 
water in the soluUon, lienee, if the two weie 
placed togetliei, the ice would melt and the 
solution would liecome more dilute* At a 
tempeiatme somi'ivliat lowc'r than 0°, the, 
vapoi picssuie of watci in the .solution is the 
same as that of ice, and at this teiuiiciatuie 
the solution and lee au* in eipiilibriurn This 
temperature eori'c'spoiids to tlie point of 
mtei'seetioii ol the two eui Ves, one lepri'sent- 
ing tlie va])m piessuie of lee and tlie othei 
the aqiK'ous vapoi iiressure ol the solution 

29. Freezing Mixtures 

A luixtuienr a miU enl, and a sul)',,tan<'edis.s()lve(l 
in it has a lnwei free/, mg point than the piiie 
.''olvent 11 .salt, foi example, is mixed with ice, 
a teinpeiatuielowei than the melting jimiit (0° (' ) 
Ilf lee can he seemed As ice melts, salt dussohes 
in the watei , fonimig a solution wlucii has a lowei 
vapor piessuie than watci oi ico, hence sohiticms 
and ice aie not m equilihuum The ice conse- 
quently melts, and smoc this piocess lequiies 



Figure 98 The Effect of a Solute upon the Vapor 
Pressure of a Solvent (water) 

aliout 80 calories of heat for each giam of ice 
that elmngos to hcimd, the mixtuie undeigoes a 
deciease in tempeiatiire 
This withdrawal of heat may be employed to 
fieoze a liquid in a vessel which is immeised m 
the bath of ice, salt, and water For this reason, 
a salt and ice mixture is used to freeze and to 
pack ice cieam On the same principle, it is 
possible to deal icy stioete and sidewallcs by 
stiewmg salt upon the ice 
The lowest tempeiatme attainable in any 
mixture of ice, watei, and soluble solid (such as 
salt) is the eutectic temperatuie (page 210) 
The moie soluble the solute, the lower is this 
temperatuie, which is determined laigely by the 
([uantity of solute required to satmate a defimte 
volume of solvent Thus, foi potassium nitiate, 
the eutectic tempeiatme is only three degiees 
below zeio, for sodium chloride it is —22 4°, 
and toi calcium chloiide it is —55° 

30 Elevation of the Boiling Point of the Solvent 
Since the boiling point is dehned as the 
temperature at which the vapoi piossure of 
the liquid becomes equal to the atmospheric 
prt'SHUic, it IS cvulenl that any change in 
eithei the atmospheric pressure or in the 
vapoi prcssuie of the liquid will cause a 
coriesponding change in the boiling point 
We have already noted (page 208) that the 
vapor pressure of a liquid solvent is lowei ed 
by the piesence of a solute Hence a solu- 
tion must be raised to a higher tempeiature 



210 


SOLUTIONS 


than the pure solvent before the vapor pres- 
sure becomes equal to a constant atmos- 
pherrc pressure This condrtion may be 
easily understood by inspectmg Figure 98 
As explained on page 208, the lowering of 
the vapor pressure of the solvent by a solute 
IS directly proportional to the weight of the 
solute which is mixed with a definite weight 
of the solvent Since the boiling point is ele- 
vated to an extent which is proportional to 
the lower mg of the vapor pressure of the 
solvent, we can also conclude that the eleoa- 
twn of the boiling point is also proportional 
to the weight of the solute dissolved m a 
definite weight of the solvent Since the 
lowering of the vapor pressure is independent 
of the nature of the solute, with the excep- 
tions previously noted (page 208), we can 
also conclude that the boiling point is raised 
the same amount by equal numbers of 
molecular weights, or equal tractions of the 
molecular weights, of different solutes This 
means, for example, that one gram-molecular 
weight of sucrose (CwHasOu) and one giam- 
molecLilar weight of glucose (CeHijOs), m 
1000 g of water, form solutions which have 
the same boiling points The vapor pres- 
sures and the freezing points of these two 
solutions are also the same 

Fuithermore, a solution containing one 
giam-molecular weight of any non-clectio- 
lyte as solute m 1000 g of watei has the same 
vapor pressure, boiling point, and ficezing 
points as the sucrose and glucose solutions 
This statement may be consideied as a 
corollary of Raoult’s law (page 208) 

3 1 Eutectic Mixtures 

As the pure solvent fieezes out of a solu- 
tion, the concentration of the solute must 
become greater The mciease m concentra- 
tion leads, of couise, to a lower freezing tem- 
peiatiuc dlie solution may eventually be- 
come saturated with the solute, and when 
this happens, both solvent and solute will 
ciystalhze upon fuithei cooling, and the con- 
cciiLiation of the solution will lemain con- 
stant A solution that acts in this manner 


is called a eutectic mixture, and the eutectic 
tempeiatuie may be defined as the tempera- 
ture at which both solvent and solute sepa- 
rate as solids from the mixture This tem- 
peiatuie is the lowest freezing point of the 
solution 

32 Osmosis 

Osmosis lefeis to the unequal rates of 
tiansfer of a liquid in two directions through 
a membrane To demonstrate it we must 
separate a pure liquid from a solution in 
which the liquid acts as the solvent, or we 
may separate a diluLe solution from a moi o 
concentrated solution of the same solvent 
The separating wall must consist of a mem- 
biane that is permeable to the solvent but 
impermeable to the solute Different animal 
and vegetable membranes act in this manner, 
parchment and cellophane that has not been 
waterproofed arc often used, and when a 
stronger wall is desiied, copper feirocyanide 
is deposited in the poies of an imglazod clay 
flask or tube 

Figuie 99 shows a convenient method of 



Figure 99 Diagrum of Apparatus Used to Demonstrate 
Osmosis 



THE PROPERTIES 

dcmonstratinp; osmosis A sheet of paich- 
ment papc'i fiisLonod tightly ovoi the laigei 
end of a funnel or thistle tube, into which a 
moderately concenl, rated solution of suciose, 
for example, is jilaeod The inverted funnel 
ortliistle tube' is then immersed in pure water 
Wah'i flows through tlu' memlnaiio into the 
solution and the* lattei risi's in the' tube. 

The transfc'r of molecaili's through a mem- 
brane IS not a simple eas(> of ditfusion thiough 
tiny openings Witlioiit attempting tin ex- 
planation ol how watei inoleeules pass 
through the meinliiaiK' and why molecules 
of the solute do not, let us consider the rate 
of transfer of ivaier inoleeules in the two di- 
rections (Figuie 100) The rates at which 
watei moleeiik's pass thiough the mcmbianc 
are not eipial, foi all of the molecules on one 
side of the iiumiliiaiie aie water molecules, 
while some ol (he molecule's on the other 
side aie sugar inoleeules d'lu' diffeience in 
the lates th'iieiids upon the percentage of 
molecules ol sugar iii the solution The 
watei, therelme, continues to pass through 
the meiiibrane into tlie solid, ion, and the 
column of the solution (m the tulie as shown 
in Ibgiiie 99) continues to use, until the 
hydiostalie piessuie becomes eiiual to what 
IS coinmoiilv called liu' osmotic pressuic of 
the solution, a pressure that depends upon 
the uneifual oonceiitiations of water on the 
two sides ol till' iiu'inbiane 



Figure 100 An Explanation of Osmosis 
The solution is on the right-hond side 
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33. Osmofic Pressure 

We shall nndei stand more cleaily the 
meaning of the term osmotic pressure if we 
appioach the subject by considering the 
diffeience between the pme liquid and its 
solution as shown by their vapoi pressures 
If two beakers, one containing a pure liquid 
(let us use water) and the other a solution in 
which the same liquid is the solvent, are 
placed in the same closed atmosphere (under 
a bell-jar, foi example), the two will be found 
not to be m equilibiium As we have shown 
previoiihljq the vapor picssiue of water in the 
solution IS lower than that of puie watei, 
hence the equilibimm between water and 
vapor leqmies a gi eater vapor pressure than 
the cqmhbiium of solution and vapor 
Water, theiefore, can and will place a greater 
quantity oi water vapoi in the atmosphere of 
the container I han the solution This excess 
of vapor condenses to dilute the solution, be- 
cause molecules of watei enter the solution 
more rapidly than they leave it The vapor 
piessui e m the space above the liquids is thus 
reduced, disturbing the equilibrium between 
pure water and vapor; as a result, more of 
the pure liquid evaporates At a constant 
tcmpci'atiuc, therefore, equilibnum between 
a puie liquid and its solution cannot be es- 
tablished because of the dilferencc in the 
evaporating or escaping tendencies of the 
watci molecules in the two conditions 

Foi the conditions discussed m the preced- 
ing paragraph the atmosphere above them 
provides the separating medium between 
pure liquid and solution If we place a soini- 
permeable membiane between them, the 
el feet is much the same Water molecules 
escape by passing through the membrane m 
both directions, but as before there is a 
difference in escaping tendencies due to the 
presence of the solute on one side and its 
absence on the other It is possible to 
equalize the escaping tendencies of water 
molecules on the two sides of the membrane 
by increasing the pressure upon the solution 
An in Cl ease in the pressure causes molecules 
to leave the solution and pass through the 
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membrane into the pure water at a faster 
rate For example, the pressure produced by 
the solution as it rises m the tube of the 
apparatus used to demonstrate osmosis 
(Figure 99) represents an increase in the 
pressure exerted upon the solution As the 
column of liquid rises, the pressure upon the 
solution increases, When the solution ceases 
to rise in the tube, the pre,ssure has increased 
sufficiently to cause the water molecules on 
the solution side to escape through the mem- 
brane at the same rate as watei molecules 
escape on the pure water side The pressure 
required to equalize the escaping tendencies 
of water molecules on the two sides of the 
membrane is equal to the osmotic pressure 
Instead of measuring the height of the col- 
umn of solution that exerts a pressure equal 
to the osmotic pressure, it is often more con- 
venient to measure the same pressure by im- 
pressmg upon the solution a pressure which 
will stop osmosis and which can easily be 
measured A device by which such pressure 
can be applied is shown in Figure 101 
The osmotic pressure of a solution contain- 
ing one gram-molecular weight of a solute (a 



figur* 101 Diagram of Apparatus Utad lo Measure 
Oimotle Protsurd 

The diaphragm In this case Is a porous cylinder m whose 
walls cupric ferrocyanide has been deposited. 


non-eleetrolyte) dissolved in 1000 g of water 
IS 22 4 atmospheies at 0° when the mem- 
brane IS perfectly semipeitneable, i e , it 
allows no molecules of solute to pass through 
it As the temperature uses, the osmotic 
pressur e increases At room temperature the 
osmotic pressure of the solution described 
above is about 24 atmospheres 
If two solutions of unequal concentration 
are separated by a semipermeable membrane, 
the solvent passes fiom the more dilute to the 
more eoncontiated solution Two solutions 
which have the same osmotic piessure are 
said to be isotonic Thus, the blood and the 
solution inside the corpuscles are isotonic 
If they were not, the effect would bo disas- 
trous If the blood were replaced by water, 
foi example, the passage of this substance 
through the walls of the corpu, soles would 
produce sufficient picssiirc to burst these 
bodies, whereas if the solution inside them 
weie moie dilute, watei would pass out of 
them into the blood, and the corpuscles 
would shrink in size The same effect would 
bo produced if the blood ivere made more con- 
centialed by the injection of solutions of 
salts or other substances 
Osmosis must play an impoitant part in 
the absoiption by plants of water from, the 
soil Water passes through 1he walls of the 
plant’s roots because the solution inside is 
more concentrated This does not mean, 
however, that the lise of sap to the top ot 
the plant is caused solely by osmotic pios- 
sui e Other conditions play impoi tant pai ts 
m this action 

34. Determination of Molecular Weights of 
Substances in Solution 

As we have shown in the pieccding sec- 
tions, the lowering of the vapor prcssui c and 
freezing point, the elevation of the boiling 
point, and the osmotic pressure of a solution 
depend upon the relative number of mole- 
cules of solute mixed with a definite number 
of solvent molecules, and not upon the nature 
of the solute. This assumes, as we have pre- 
viously emphasized, that the solute exists in 
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the solution in the molecular state, i e , it is 
not an electrolyte, and it reacts in no way 
with the solvent Two solutions containing 
the same number of molecules of two diffei- 
ent solutes and the same number of mole- 
cules of the same solvent should theiefore 
have the same osmotic pressure, boiling 
point, vapor pressure, and freezing point 
It has been lound that one gram-molecular 
weight of su Close, glucose, or glycerine, foi 
example, dissolved in 1000 g of water, loweis 
the vapor pressure of water 0 31 mm , loweis 
the fieezing point 1 86° C, elevates the 
boiling point 0 515° C , and exeits an osmotic 
pressure of approximately 22 4 atmospheies 
at 0° C The osmotic pressure stated is the 
theoietical value The obseivcd value is 
usually a little highei than the one stated 
It IS evident, therefore, that the molecular 
weight of any norirelectrolyte can be deter- 
inmod fiom the properties of its solution as 
compared with those of a solution containing 
one gram-molecular weight of sucrose or any 
other non-electrolytc dissolved in 1000 g of 
the same solvent The comparison is often 
made by considering freezing points Let us 
say that 10 g of a substance, which we shall 
call V, when dissolved in 200 g of watei, 
lowers the Ireczing point ol the water 0 372° 
The molecular weight of the subslarwe ts that 
weight which when dissolved in 1000 g of water 
loweis the fieezing point 1 86° Hence 

(1) 50 g of a lowers the fieezing pomt of 
1000 g of watci 0 372° 


The general equation is as follows. 

Gramo of 1000 r 1 86° _ molecular 

solute used g water obseived low- weiebt 
Ubed enng of 

freezing point 

This equation may also be used to determine 
the molecular weights of substances dissolved 
m solvents other than water il 1 86° is re- 
placed by the lowering of the fieezing pomt 
(Table 8) which is produced by one giam- 
molecular weight of any substance (subject 
to the same restiictions as before) in 1000 g 
of the selected solvent This equation can 
also be used for calculations of the molecular 
weight fiom boiling pomt data by substitut- 
ing the molar elevation of the boiling point 
(0 515° foi watei) in place of the molar 
freezing point depression constant (1 86° for 
water) The constants for diffeient solvents 
are given m Table 8 

These methods of determining molecular 
weights are used loi substances which can- 
not be studied as gases, eithei because they 
vaponze only at high temper atuies, or be- 
cause they decompose easily upon heating 
The lowering of the vapor pressure and the 
osmotic pressure of the solution are seldom 
used as the basis of determining molecular 
weights because of difficulties m obtaining 
these mcasiii ements 

SOME FACTS AND THEORIES THAT HELP 
TO EXPLAIN SOLUBILITY 

The solubilities of different substances, 
even m the same solvent, vary so greatly and 
depend upon so many factors that accuiate 
predictions aie not possible Without ex- 


molecular weight of X. 

TABLE 8 

Lowering of Freezing Points and Elevation of Boiling Points of Different Solvents 


Solvent 

Boiling Point 
of Pure Liquid 
r C, 760 mm) 

Boiling Point 
Elevation — ^ 1 9 ■ 
mol wt pel* 1000 
g of solvent 

Freezing Point 
of Pure Liquid 

rc) 

Lowering of 
Freezing Point — 

1 g -mol wt per 

1 000 g of solvent 

Water 

100° 

0 515° 

0 0° 

1 86° 

Benzene 

80 2° 

2 53° 

5 5° 

5 12° 

Ether 

34 6° 

2 02° 

—117.0° 

1 79° 

Carbon tetrachloride 

76 8° 

5 03° 

—22 6° 

2 98° 
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perunental evidence, one can never deter- 
mine the quantity of one substance that will 
dissolve in a definite quantity of another, 
and frequently it is impossible to predict 
successfully whothci or not a substance will 
dissolve m a given solvent at all Theie aie, 
however, a few qualitative rules oi geneiali- 
zations that are sometimes useful Below we 
shall state some of these and also describe 
some of the theories that aie helpful in 
understanding why certain kinds of sub- 
stances aie soluble in ceitain kinds of sol- 
vents but not m others 

35. The Solution of Ionic Compounds in Water 
Because of the greater cohesion between 
their particles, ionic, or electrovalent, com- 
pounds dissolve less i eadily in many solvents 
than covalent compounds The solid state of 
electrovalent substances consists of ions held 
in definitely fixed positions in ciystal lattices 
by electiical forces Hence, unless some- 
thing happens to weaken these foices, the 
Cl ystals do not dissolve in the solvent Some 
solvents appear able to weaken the attraction 
of the ions for one another The measure of 
this ability of the solvent is called its dtelcc- 
tno constant The constant for watei is 
1 datively high, as compared with that of an- 
as 1, water’s dielectiic constant is 78 This 
means that when water is placed between 
two oppositely charged metallic plates the 
chaiges on these plates attract much less 
strongly than when the space between the 
plates is filled with an oi with another sub- 
stance of lower dielectiic constant than 78 
We may think of watei as exeitmg a similar 
influence upon the attraction of a positive 
for a negative ion in a substance such as 
sodium cliloi ide As a result of the decrease 
in the electiical atti action between the op- 
positely chaiged ions, the ciystal structure 
of sodium chloride ciumbles when placed m 
water This means that a solution of sodium 
chloiide in water is a mixtuie of particles 
(molecules) of walci and ions ol sodium and 
chloiiiie Just as theie aie no molecules in 
the crystalline state of sodium chloiide, 


neither are there any particles of this kind 
in its solution 

Using water as the most familiar solvent 
for substances such as sodium chloiide, we 
may explain its action in producing a solu- 
tion by reference to Figure 102 The water 
molecules may be thought of as electrical 
difoles (page 153) The water dipoles tend 
to attach themselves to sodium and chloride 
ions in the crystal of sodium chloride in the 
mannei indicated in Figure 102 The nega- 



Figure !02 Water Dipoles Separating Sodium and 
Chloride Ions 

tive ends ol the molecules aie atti acted to- 
waid the positive sodium ion and the positive 
poles of othei molecules aie atti acted towaid 
chloride ions Because of the oiientation ol 
water molecules aiound each ion, the atti ac- 
tion of each ion is satisfied, at least to some 
extent, and the ion of the opposite charge 
is less stiongly attiacted in sohil.ion than m 
the crystal 

The solubility ol an ionic compound in a 
polar solvent must depend to some extent 
upon the lelative ease with which the ions 
can be icmoved from the positions that they 
occupy in the crystal The size of the ions, 
the quantities of chai ge that they carry, the 
number of elections in their outside levels, 
and the mannei in which the ions are ar- 
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ranged in the crystal result in differences in 
the rate of solution and in the quantities of 
different substances that dissolve in the game 
quanfiity of solvent 

According to the theory that we have out- 
lined above, ionic compounds should not be 
expected to dissolve in non-polai solvents, 
such as liquid methane oi caibon tetra- 
chloride (page 154) This, in general, is 
found to lie tiue 

36 The Solubility of Gases 

No doubt, the miscibility of gases in all 
proportions is possible because ol the very 
weak attraction of their molecules lor one 
another. If molecules oi oxygen, foi ex- 
ample, possessed considerable alrtiaction loi 
one anothci, they would tend to cling to- 
gether in the piescncG of othei gases, such 
as Lho nili’ogcn ol the an, and nuxtuics coiikl 
not be formed Because this attraction is 
weak, the molecules ol oxygen ai c practically 
mdciieiident and may liec'ly and indehmtcly 
dillusc among the molecules ol other gases 

Gases, in general, arc not very soluble in 
liquids Those with lelatively low boiling 
points, such as oxygen and hydrogen, are 
less soluble than those with iclat.ively high 
boiling points This behavioi is in accord- 
ance willi what we should exiiect, because 
when a gas dissolves in a licpiid it must be 
conveited into the liipiid state Natuiallv, 
those gases that aie the most difficult to 
liquilv, le, blue the lowest boiling points, 
should piove less soluble, iiiidei compaiablc 
condilaons, than gasc's that are easily coii- 
veited to 1.1 u' liquid stato 

37. Factors that May Determine the Solubility 
of Solids and Liquids in Liquids 

The melting point and the heat of iusion 
of a solid appiMi to be impoitaiil, factors in 
(leteimiiiiiig the solubility ol the solid in a 
liquid Since, when a solid dissolves in a 
liquid, it must be coiiveited to the liquid 
stato, solids that aie easily liquefied, le, 
have low melting points and small heats of 


fusion, should naturally dissolve more read- 
ily than those that melt only at very high 
temperature and that require relatively 
large amounts of heat to liquefy them 
In general, polai substances dissolve more 
readily m polar than in non-polar solvents 
11 both the solute and the solvent are com- 
posed of molecular dipoles, the molecules of 
the two substances will attract one anothei 
]usl as the dipole molecules of a single sub- 
stance do In such cases, this attraction 
must be one factor that leads to an intimate 
mixture of the molecules of the solute and 
solvent Non-polar substances dissolve 
more readily m non-polar solvents than they 
do in polar substances There is very little 
attraction between the molecules of a non- 
polar substance, and hence theie is little le- 
sistance to the mixing of the more or less in- 
dciiendent molecules of solute and solvent 
Mixing results, m such cases, not from at- 
ti action between unlike molecules, but from 
the dilfusion of the two kinds of molecules 
as a result of then kinetic eneigy Thus, 
caibon tetrachlonde dissolves veiy slightly 
in watei, but it dissolves leadily enough in 
benzene 

Hydiogon bonds (page 183) appear to 
play an important pait iii the formation of 
many solutions In liquid water several 
simple H 2 O groups aic probably joined to- 
gcthci I 0 foim larger molecular units (page 
141) A hydrogen atom of one molecule 
piobably shaies an unused, 01 free, pan ol 
elections belonging to an oxygen atom of 
another molecule to produce the bonds that 
unite H 2 O molecules 

H 6 li 
H 0 H 
H 6 H 

A bond of this kind is, of course, a co-ordi- 
nate covalent bond Since two molecules of 
water aie bound togethei, m a ceitain sense 
by the hydiogen atom that is attached to the 
oxygen atoms of both of them, this bond is 
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sometimes refen ed to as a hydrogen bond or a 
hydrogen bridge 

It IS leasotiable to expect that watei molecules 
irill foim hydiogeii bonds with othezs that con- 
tain -OH groups in the same mannei as tliey do 
with one anothei Hence methyl alcohol, CHjOH, 
dissolves in water, wheieaa benzene, Colic, and 
methane, CH4, do not dissolve in watei, because, 
imhke oxygen, they do not contain atoms that 
possess unused elections Molecules of benzene 
and methane do not have strong atti action even 
foi molecules of their own kind, hence they can 
easily foiin mixtuies with molecules of other sub- 
stances which, like themselves, have little 01 no 
atti action for one anothei Watei molecules, 
which associate with themselves, do not mix, 
howevei, with molecules of benzene, the fact that 
molecules of watei tend to ohng together pi events 
molecules of benzene horn becoming dispeised 
among them 

Review Exercises 

1. How could you prove that a sample of a 
hqmd is a solution and not the pure solvent'’ 

2. From the data given on page 195, calculate 
the weight of oxygen which will dissolve at 
10 atmospheres of pressure in 100 ml of 
water (0° C ) 

3 What aie the lelative weights of oxygen and 
nitiogen which dissolve m 100 grams of water 
from the air at 0° and 700 nun 7 

4 Descube the method commonly used to 
sepal ate two miscible liquids 

5. Descube the nature of the distillate and the 
changes m temperature which occur when a 
mixture containing nitric acid (75 pei cent) 
and water is distilled 

6. How aie solubility cui ves, similai to those on 
page 198, constructed? 

7 How many grams of sodium mtiate wiU dis- 
solve in 500 g of watei at 30°7 Obtain data 
fiom the solubility cuive 

8 How many giams of solid potassium chloride 
will sepal ate fiom a solution which contains 
250 g of water and which is satuiated at 70° 
it the solution is cooled to 30°'^ 

9 Prom which substance, NaN O3 01 NaCl, could 
KNO3 be more easily separated by fractional 
ciystalhzation? Explain 


10 What is meant by an ideal solution? What 
are some of the indications or lines of evi- 
dence by which the differences between a 
solution and the ideal condition loi the same 
luixtuie of solute and solvent can be recog- 
luzed'i’ 

11 What IS a solid solution? Give examples 

12 Why does a solid which is composed of ions 
dissolve moi e readily m water than in solvents 
such as gasoline'’ 

13 What explanation can be offered for the 
limited solubility of gases such as oxygen and 
nitrogen m liquids? What explanation has 
been suggested for the tendency of chemically 
similar substances to dissolve in each othci ’ 

14 Define solute, saturated solution, supersat- 
rated solution, concentration, molar solution, 
noimal solution, molal solution 

15 IJndei what conditions aie a molai and a 
molal solution almost identical (for the same 
solute and solvent)? 

16 How many grams of the following substances 
aie contained m 1 liter of (a) 1/10 molai and 
Qt) N/5 noimal solutions? HGl, HjSOi, 
NaOH, H3PO, 

17 Why does the solubility of any gas in watei 
deciease with rise in temperatme’ 

18 How does a saturated solution differ from a 
concentrated solution'’ 

19 What volumes of the following liquids are ic- 
quired to give 1000 g of eaeh'^ 

Liquid Specific. Gravity 

Benzene 0 878 

Ethyl alcohol 0 785 

Carbon tetrachloiide 1 584 

Ether 0 720 

Caibon disulfide 1 293 

20 How many giam-mnleculat woiglits of each of 
the above solvents aie piesent in 1000 grams? 
t'oinpaie the mole fiaclions of solvent m 
molal solutions of each of these hcimds Use 
the index to find the formulas ol the litimds 

21 State Eaoult’s law Explain why a solution 
of a non- volatile solute has a lowei vapoi 
tension than the pure solvent 

22 Apply Eaoult's law to the boiling points and 
fieczing points of solutions Explain why 
solutions have higher boihng points and lower 
freezing points than the puie solvents 
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20 •«) Ten millililtns ol a holutioii containing 3 0 g 

23 lnni'/ii'iic lin*' ’*1 of <> 0 ( 11111 !! liyilurade pei liter is required to 

r ^\liiit 1^ ll't' ^^^’^Oiali/,!' 30 ml nt ii solution of liydiochloiic 

^ iK 1(1 \\ hat is ilio noi nudity of the solution 

^uhstaiicc 

2 ^ Dchiifi 1*1 1 p((.sqii(' 'll '\ soliilidii coni aimng 023 g of glycerine in 

osinosiB) i>^' \\liotli('i ii guen ID ml ot wiitci lu'pzcsat-0465“ What is 

25 , llnw coi'l*^ satuiat''(l) m Mipci- the iijipioMiiiah' moleciilai weight of glyeer- 
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CLASSIFICATION OF 
THE ELEMENTS 


Where order in mi leiy we see, 

And whae, thouijh all thinqs differ, all agier 
ALEXANDER POPE 


THE PERIODIC TABLE 

1. Introduction 

The study of the elements has been gicatly 
simplified by classifying them into a few 
families oi gioups, the members of which aie 
veiy closely related in chemical, and often 
in physical, piopei ties Among the worlcs of 
man thoie is no inoie beautitul example of 
our definition of science as classified and oi- 
ganized knowledge than this classification of 
the elements We shall present, m this 
chapter, the classification based upon the 
woik of Mendeleeft, who in 1869 laid the 
foundation ot oui scheme of classifying the 
elements by arranging them in the oidei of 
their increasing atomic weights This is the 
aiiangement, with a few changes, upon 
which our present Periodic Table of the ele- 
ments IS based. This table will be found on 
the inside back covei of this book 

2. Early Attempts at Classification 

The general acceptance of the atomic 
theory was followed by many attempts to 
discover new elements and to classify those 
already known The similarities of seveial 
elements weie easily lecogmzed and ap- 
peared to indicate natural divisions oi fami- 
lies into which the elements then known 
could be classified Thus, oxygen and sulfiii 
weie loiown to lesenible each other in many 
lespccts, and it was soon evident that sele- 
nium and tellurium are also similai to them 
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Calcium, baiium, and strontium aie closely 
allied metals Chloime, bromine, and io- 
dine are non-metals which possess many 
properties m common In accordance with 
these easily recognized relationships of eei- 
tain elements, Dobereinei in 1829 suggested 
that elements possessing similar pioperLies 
could be arranged in triads in which the 
atomic weight of the middle element was the 
approximate mean of the atomic weights ol 
the fiist and thud elements, and in which the 
piopeities of the middle element were about 
halfway between the corresponding piopei- 
ties of the fiist and third Thus, bromine in 
the tiind 

Cl (35), Bi (80), 1 (127) 

lb not as active an element as chlorine, but 
IS more active than iodine Undei oidmaiy 
conditions, chloime is a gas, and iodine is a 
solid Bromme, between them, is a liquid 
Even the atomic weight of bromme is 
approximately one half ot the sum of the 
atomic weights of chloime and iodine 
Othei triads suggested by Doberemer 
weie. 

Ca(-tO); Sr (87), Ba (137) 

P (31), As (75), Sb (120) 

Attempts to classify the elements weie 
ccnteied mainly aiouiid the prospect of find- 
ing some piopeity, common to all the ele- 
ments, which could serve as a basis for the 
coiiclation of their similarities Doberein- 
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ei’s triads suggested atomic weight as such 
a pioperty, since his tiiads consisted of ele- 
ments in the 01 del of then atomic weights 
The fiist effoit to classiiy all the elements m 
one system was made by Newlands in 1865 
He suggchted that the cleniouts should be ai- 
langed in the ordei of increasing atomic 
weight When this is done, as Newlands 
pointed out, the elcmenl.s tail into well- 
defined senes The fust senes, beginning 
with liydiogcn, contains elements which are 
veiy much like the elements that occniiy 
cuiiesponding positions in succeeding senes 
Each of the sei les suggested by Newlands 
consisted ot seven elements 

12 3 4 5 (') 7 

Series (1) H Li Be B C N O 

Senes (2) M Na Mu A1 Si P S 

Senes (3j Cl Iv Ga Ci 'I'l Wu Po 

This classiiieation suggests that certain 
elements aie i elated in a manner somewhat 
similai to the notes in successive octaves in 
music Thus, the fust, eighth, and fifteenth 
elements should possess closely related piop- 
01 ties The second, ninth, and sixteenth 
should also be ndaletl to one another, as 
should also the thud, toiilh, and seventeeiilh 
elements They should show, for example, 
similai tendencies l,o take pait in chemical 
changes and should lorin closely lelatod 
compounds 

Although there was some icason foi con- 
fidence in the aiiangeincnt suggested hv 
Newlands, it could not be accepted veiv 
geneially as long as it threw elements as 
dissiuiilar as oxygen and iron in the same 
veilical giou]) Tx-ssei, but still scnoiis, iii- 
aecuiiu'ies me to ti(> iiol,e(l in the elements of 
the sixth and lust gioiips Manganese is 
not veiy closely lolated to iiitiogen, and 
hydiogi'ii in gioiip one is, in many wavs, 
entiioly dilfeieiit iioin fluoune and chlorine 
Altemiils to extend the aiuingcincut to the 
elements beyond iron (Fe) met with still 
less success One seiioiis difheulty in the 
May of any suecesshil attempt at classifica- 
tion lay, of cuuisc, in the lact that the atomic 
weights of most of the elements had not yet 


been deteimined accurately. Hence the 
exact order m which the elements should be 
placed could not be determined with pre- 
cision This lack of information often caused 
elements to be placed in vertical gioups in 
which they cleaily did not belong. Fuithei- 
more, many elements now Icnown had not 
been discovcied in Ncwkinds’s day For 
many reasons, his ideas weie not considered 
very seriously by other chemists In fact, 
he was asked by one of his contemporaries it 
he had tiied to classify the elements in the 
order of the mitial letters of their names 
Nevertheless, his effoits weie a step in the 
light diiection 

3 Mendeleeff's Periodic Classification 
In 1869, Mcndeleeff suggested a much 
moie satisfactoiy classification of the ele- 
ments than any previou.sly published In 
many respects Mcndeleeff’s scheme was simi- 
lar to Ncwlands’s octaves, indeed, the latter 
claimed for himself much of the recognition 
awarded to Meiidcleeff for the periodic clas- 
sification of the elements Newlands does 
deserve credit for his early attempt to ar- 
range the elements in the oidei of their 
atomic weights, the basis of classification 
also used hy Mcndeleeff His classifi.cation, 
howevei, was fai from complete and, as 
stated above, gi ouped together elements that 
possess almost no piopcitios in common 
Mendclcetf’s table, as we now know it 
(Figuie 103), is divided hoiizontally into 
peiiods — lows across the table from left to 
light 01 these, hydrogen occupies the fiist 
hv itself, each of the next, two jiciiods con- 
tains eighf, elements, Avhicli make a single i ow 
across the table and is called a short period 
The otlieis aic long periods, each ot tliosc 
consists of two rows of elements It will be 
noted, howcvei, that all peiiods — short and 
long — begin with similar elements and end 
vith similar elements, except of course the 
first peiiod, which contains only hydrogen 
Piior to about 1898, the table consisted of 
eight (vortical) gioups of elements The 
eighth group contains thiee elements in each 
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period, each group of thiee elemeuts lies 
midivay m a long senes The discoveiy of 
the inert gases of the atmosphere made neces- 
saiy an additional 'vertical column, which 
came to he called the zeio gioup This group 
is sometimes placed just after gioup eight 
and sometimes just hefoic gioup one The 
position IS of no impoitance, since the gioiips 
aic continuous We aie to think of the table 
as ananged on a cylinder instead of a sheet 
Hence, the zeio gioup lies between groups 
eight and one, and its position on a flat table 
depends upon ivheie we cut the cyhndei when 
it IS flattened out 


4. The Short Periods 

Plydrogen is placed in the first period by 
itself in the table sho-wn m Figuie 103 
Sometimes it is placed m group seven di- 
rectly above fluorine, but moie often it is 
placed above litliiuin and sodium in gioup 
one Neithoi position foi hydiogen is very 
satisfactoiy, because each locates the ele- 
ment m a gioup containing otheis that it re- 
sembles only remotely Chemically, it is 
somewhat more like the metals of group 
one than like the non-metals of group 
seven 

Helium is the fiist element of the secoml 
period and stands at the top of the zero 
group Beginning with lithium, which is a 
typical metal, theie is a gradual change in 
the piopeities of the elements, as the atomic 
weight increases, until fluorine, a imiy active 
non-metal, is leaclied The next element, 
neon, is unlike fluoiine m almost every ic- 
spect, fluorine is the most active of all ele- 
ments, and neon is one of the least active 
The existence of any compound of neon is 
doubtful This element, however, icscmbles 
helium veiy closely — both aie inert ele- 
ments — and in keeping with the pimciple 
that the table should group together elements 
of similar piopeities, neon is made the second 
clement m the zeio group and is placed di- 
lectly below helium in the table 'fins is 
the beginning ol the third period 


Peiiocl 2 Ho Li Be B C N O F 

Peiiod3 No Na A1 Si P S Cl 

Peiiod 4 

Row L \y K Ca Sc Ti V Cr Mu (Fe, Co, NO 

Row 2 Cu Ga Ge As Se Br 

When the seven elements next succeeding 
in the order of atomic weights ai c placed be- 
neath the coriespondmg elements of the first 
horizontal row, it is found that very closely 
1 elated elements are brought togethei m 
each of the columns Thus, sodium is like 
lithium, magnesium like beryllium, alumi- 
num like boion, silicon like caibon, phospho- 
lus like nitiogen, sulfui like oxygen, and 
chloiine like fluorine The similaiities of the 
elements that form each of these pans are 
leadily seen when we considci the valence 
numbers of the elements and the formulas, 
and also the propcities, of the compounds 
that they foim. 


LiOII 

LiCl 

BeO 

Beds 

BaOa 

NaOH 

NaCl 

MgO 

MgCh 

AI2O3 

CO. 

I-bCOs 

CCl, 

HNO3 

NI-L 

SiO, 

H2S1O3 

S1CI4 

HPO3 

Plis 

HjO 

CuO 

NaF 

HP 


H.S 

CuS 

NaCl 

HCl 



5. The Long Periods 

After chlonne, the next element is argon, 
the thud inert element; it repiesents, there- 
foie, the beginning of the fourth period 
The next two elements resemble those of the 
first and second groups of the second and 
thud periods Thus, potassium leseinbles 
sodium, and calcium has many properties in 
common with magnesium The next five 
elements, however, display many differences 
when compared with aluinmum, silicon, 
jihosphoius, sulfur, and chloime, respectively 
These differences aie especially pronounced 
in chromium and manganese, which appeal 
in most respects to belong to entucly difiei- 
ent classes of elements than sulfur and chlo- 
rine Whatever resemblances exist aic illus- 
trated m such compounds as 

NasSOi KCIO4 

Na2Ci04 KMn04 

There aie no compounds of chromium and 
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manganese with hydiogcn or with metals 
that coriespond to HaS, HCd, NajS, oi NaCl, 
and there aio no compounds of sultui and 
chloiine that correspond in propcitics to 
CrC%, MnCh, (h'(ISI 0 ) 1 ) 2 , etc These differ- 
ences indicate that chromium and manga- 
nese have properties more like those of 
metals, while chloiinc and sulfur are in 
every sense non-nu'talhc elements The 
physical differences are also pronounced, 
chlorine is a gas, and sulfiu is a yellow solid, 
chiomium and manganese have the appeal - 
ance and genei al physical properties of other 
metals Because of these differences, the 
fiist elements oi the fouith penod are written 
under and a little to the left of tlic elements 
above them (Figure 103) 

The iicvli thu'c elements (non, cotialt, and 
nickel) certainly cannot lie placed m the zero, 
fiist, and second gioups, lospectively, be- 
cause their ])ro]K'itios aie cntiiely unlike 
those of argon, potassium, and calcium 
They arc placed, theieloie, in an eighth 
gioup It IS not uccossaiy iliat throe gioups 
be piovidcd loi tlu'sc edements, because they 
aie very closely lolaled, placing them in the 
same group i/hiis emphasizes coitain family 
relationships Bi'causi' it ri'seiublcs iron 
moic than nickel <loes, cobalt is placed be- 
tween non and nickel, alt, hough stiict adhci- 
ence to the oidei of then atomic weights 
would place nickel second ' 

i.V Hiiniliii sitiintioM, 111 ^vllllll the imler of tlic 
t'lemeiils as lived liy the oidei iif llie atoniie weights 
fiulg, will be noticed in the [lOHitions oeeniiied by 
potiiSHiiim and argon Altliinigh aigoii has tlie 
gi eater atomic neiglil, to liliue it aflei iiolassiiim 
would lliiow (liege Iwo eleineiils iiilo gioups wlieie 
lliev (leailv do not lieloiig 'I'liese diHciepiiiK les, 
and also a siuiiliir oiii' 111 the positions of iodine and 
li'lhii Him, 1 elleet somewhat iiimn the aeeuriu y ol the 
niuk'ilving iiiiiieiple of Meiuhdeelf’s i limiheatiou ■ — 
the lelulion of I he piojiezlies ol the eh'ineiits and 
their atoinic weighlg Tlic disi 1 eiMineies, which aie 
heic noted, mdiiate that somctlnng is wrong, that 
the atomic weiglils arc not as snic a basis for elassi- 
Ination as Mendeleeff believed We shall learn m 
the next chapter that a elassifaeation based upon 
atomio numbiTH instead of atomic weights lemovcs 
these dilheulties and jnslifaes the positions m the 
table that wo have given to potassium, argon, 
iodine, cobalt and telluimm 


The elements following iron, cobalt, and 
nickel are placed in groups one to seven and 
a little to the right of the elements above 
them m the shoit periods This ariangc- 
ment places two elements in each group (one 
to seven) of the first long period, which con- 
sists of all the elements from argon to bro- 
mine This peiiod is called a long period, 
because two rows across the table aie re- 
(piired between argon and the next element 
that lesembles it — krypton The first low 
of the long peiiod is the A seiies, and the 
si'cond row is the B senes Hence, in all the 
groups (one to seven) ot this pciiod, and of all 
the periods that follow it, the elements aic 
divided into sub-gioups designated by the 
letteis A and B The elements of the B 
bub-gioup lesemble those oi the short peiiods 
— second and thud shoit peiiods — more 
closely than do those ot the A sub-gioup, 
except in gioup one, wheie potassium, an A 
clement, is much moie like sodium than is 
copper, a B clement The elements in the 
first half of a long period from gioup thiee 
thiough group eight have many common 
propcitics including, in some typos of com- 
pounds, the same valence numbers These 
elements aie sometimes called the tiansilion 
elements of the period In the thud penod 
the transition elements include those liom 
scandium thiough nickel 

6 The Periodic Law 

Because the aiiangemcnt of the elements 
in the oidei of then atomic weights causes 
them to fall into rows or “periods,” Mendc- 
loell stated that the pwpeUics of tha elemenU 
a)(‘ pci wdic funr, lions of their atomic weiqhls 
This statcUu'iit IS called the Bei iodic Law It 
calls attention to the 1 cciurenco ol properties 
in (liflercnt elements when the elements aic 
aiianged m the older of increasing atomic 
weight Thus, the propei ties of a veiy active 
metal occiii in lithium, and the same gen- 
eial piopeilics occiii again in sodium, potas- 
sium, rubidium, and cesium The chemical 
meitncss of helium occius again in neon, 
argon, krypton, and xenon The peiiodicity 
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of propel ties, as revealed by the periodic 
classification, concerns physical as well as 
chemical properties The elements display 
a definite periodicity, for example, in such 
piopeities as color, melting point, boiling 
point, baldness, conductivity of heat and 
electiicity, magnetic susceptibility, specific 
gravity, compressibility, atomic volume, co- 
efficient of expansion, malleability, ductility, 
and even places and foims of their occurrence 
in nature Lothar Meyer first called atten- 
tion to the periodicity of the physical piopei- 
ties of the elements 

7. Families of Elements 

As we have seen, the horizontal rows of 
elements are called periods, and the long 
periods (argon to krypton, for example) aie 
divided mto A and B senes The veitical 
rows or columns of elements are called groups 
These are numbered from 0 to 8, beginning 
on the left Each of the gioups (except the 
zero and eighth gioups) is divided mto two 
families, one containmg A and the other B 
elements Thus in group one there are two 
families of elements. (1) lithium, sodium, 
potassium, rabidium, and cesium; (2) cop- 
per, silver, and gold The first of these fam- 
ilies is called the alkali metals, and the 
second may be called the silver family Here 
the elements of the short periods belong to 
the same family as the membei s of the A sub- 
group In group seven, however, the ele- 
ments of the short peiiods belong to the 
same family as the membei s of the B sub- 
group This family consists of fluorme, 
chloiine, bromme, and iodine — the so- 
called halogens, or “salt-foimeis ” 

Other impoitant families are 

(1) The alkaline earths, Group Two, A. 

(2) The nitrogen family, Group Five, B 

(3) The oxygen-sulfur family, Group Six,B 

(4) The inert gases, Group 0 There are 
no A and B membei s of this gioup 

8. Another Form of the Periodic Table 

A somewhat different aiiangement of the 
elements to show their periodic classification 


Will be found on the inside of the back cover 
of this book This periodic table is the same 
as that shown in Figure 103, page 220 The 
principal difference m the arrangement is 
that each of the long periods has been placed 
in a single row across the table This ai- 
iangement places each family ol elements in 
a different column We have also placed the 
inert gases ol the zero group on the right- 
hand side next to the non-metallic elements 
of group seven This location seems to be 
somewhat more logical than the left-hand 
side of the table where they would be placed 
next to the most active of the metallic ele- 
ments 

9. Predictions of Properties of Elements Based 
upon the Periodic Classification 
Many of the properties of an element can 
be predicted from its peiiod, group, and fam- 
ily When Mendeleeff mtioduced his table, 
many positions were vacant For example, 
m the thud peiiod the elements which we 
now know as scandium, gallium, and ger- 
manium weie not known Mendeleeff’s ar- 
rangement required that elements fit into 
these three positions For example, the next 
known element after calcium, m the order of 
atomic weights, was titanium, which could 
not be placed in gioup three, because it did 
not in any way resemble the elements of that 
gioup It was apparent that the properties 
of titanium weie very much like those of the 
elements of group four, but if it were placed 
in that group, a blank v/as left m group three 
Furthermore, the difference between the 
atomic weights of calcium and titanium was 
seen to be 7 8, a difference considerably 
gieater than that between oLhei consecutive 
elements m the table Likewise, there ap- 
peared to be a difference of about 10 in the 
atomic weights of zinc and arsenic 
The facts enumerated above weie the basis 
of Mendeleeff’s prediction that three gaps 
existed in this portion of the table, and that 
these would be filled some day by new ele- 
ments Mendeleeff named the three hypo- 
thetical elements eJea-horon, eka-aluminum. 
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and eka-sihcon, the piefix eka meaning 
after or following He even went so far as 
to predict the propeitios of these elements 
Within a few years alter his predictions, the 
thiee elements were discovcicd, largely be- 
cause chemists wcio cncouiaged to seek them 
and to test the accuracy of the periodic clas- 
sification by proving or disproving the pie- 
dictions that. JVIendeleelT had based upon it 
The properties predicted foi eka-sihcon and 
those actually belonging to germanium, 
as this element came to be called, aie given 
below for coiupaiison 


Piedioted Pioiieitiee 
of Elcu-Silicon 
Atomic weiKhfc 72 
SpccifiQ gravity ^ 5 
Coloi , gra> 

Valence, 4 towaui oxvgpn 
Oxide, fl- Hohd XOg 
ap Ri 4 7 

Chloiido, XCIi. liquid 

b p bolow J(H1° 
ap gr 1 *) 

Acted upon bv aoida onh sIikIh 
D opfl n'>t ronct UMulilv witli 
solutioiiH of bllHt H 


PropcrtiCR of 
Gernianium (1880) 

72 3 
5 47 

ffiayieli-uliito 

4 

white Bohd, CJflOj 
ap gi 4 702 
vcihitilo liquid 
b p 80* 
at) gi 1 9 

Docb not react with flCl 
Dfjca not louot with 
aolulioua of KOIl 


Several othei iiioportics, which we need 
not eruiraciate liere, showed an equally 
satisfactory agreement bctwc'cn picdiction 
and observation 'I’lic pioiieitics of scan- 
dium and gallium were prcdicl.od with simi- 
lar piecision Mimdeleelf’s table thus sur- 
vived the tests of prediction and discovery, 
and in doing so, gained favorable and geneial 
iccogmtion 

Late 111 tlie mnoteciith cental y, tlie discoveiy 
of the iiieit gasch seived as aiiotlici and a moie 
sevcie test of tlio systoni These elements con- 
stitute a complete gioup winch must be accom- 
modated as a unit wimewheic in the table The 
oiiginal table pioposed by Mendeleolf liad no 
place foi tins new lamily ol eloinents. All the 
gioups horn one to seveii, ns well as the tiansi- 
tiunnl eighth gioup weic faiily eomiilete and the 
piopeitios of then elements weic well established, 
this was paiticulaily true of the valences of these 
elements Since the meit elements do not com- 
bine with others and therefore always possess 
zero valence, it was evident that they should be 
placed in a “zero group” located to the left of 
group one. When this was done, each membei of 


this gioup was found to fit exactly into the 
proper position with respect to its atomic weight 
Thus helium’s atomic weight is just below that 
of lithium, neon Mis between fluoiine (19) and 
sodium (23), krypton (82 9) between bionune 
(79 9) and rubidium (85 4) , and xenon (130 2) 
lietwecn iodine (120 9) and cesium (132 8) 
Radon falls between numbers 85 and 87, whose 
atomic weights icmam undetermined The only 
failure of an ineit element to tall in its piopci 
position occurs when we consider the position of 
argon The atomic weight of this element is 
39 9, while tliat of potassium is 30 1 , hence, 
stiict adheience to the older of inci easing atomic 
weight would place aigon aftei potassium, oi 
in group one This disci epancy, however, is 
nomoie serious than othei s which occur in well- 
established groups, and does not weaken ma- 
terially the aiiangement suggested It does 
make us question, howevei, the use of atomic 
weights as the basis of detei mining the oidei of 
the elements ui the peiioclic table 

10. Valence Numbers of Elements in the Differ- 
ent Groups of the Periodic System 
The most staking similaiity of the ele- 
ments within a group is seen in their valence 
numbers Indeed, this is sometimes the only 
likeness The maximum valence of the ele- 
ments m then oxides increases one unit at a 
time from gioup one to group seven. If we 
express combining capacities in terms of the 
valence of the hydiogen atom as unity, the 
sodium atom in gioup one combines with as 
much oxygen as the hydrogen atom (Na20 
and H2O), and its valence number is there- 
fore 1 This is true of the other elements 
of this group Thus we have K2O, Ag 20 , , 
CiijO, etc One atom of an element in the 
second group combines with as much oxygen 
as two atoms of hydiogen, and thus we have 
the oxides of these elements MgO, CaO, 
HgO, CdO, ZnO, etc In group three we 
have B2O3, AI2O3, etc ; m gioup four, CO2, 
S 1 O 2 , Pb02, in which the elements combine 
with as much oxygen as four atoms of hydro- 
gen; in gioup five, N2O6, P4O10, Aa40io, and 
others represent the maximum valence num- 
ber of these elements toward oxygen. In 
group six, SOs and CrOa are representative 
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Figure 104 Valence Numbers and the Periodic Table 
The valence numbers are those that are most prominent 
for the elements of each group Not all the valence num- 
bers for all the elements of any group are shown 

oxides, and in group seven oxides such as 
CI2O7, or compounds corresponding to them, 
indicate that these elements can have a maxi- 
mum valence number of 7 Among the ele- 
ments of gioup eight at least one element, os- 
mium, foims an oxide (OsOi) m which the 
valence number is 8 Usually, however, the 
valence number of the tiansitional elements 
IS 2, 3, or 4, as in FeO, Fe203, etc As we 
begin a new hoiizontal row (peiiod) in the 
table, the valence number drops to zero, 
increasing again one unit at a time in suc- 
ceeding groups 

So far we have considered the valence 
numbeis of the different elements in oxides, 
in which we may coinpaie their combining 
capacities with that of hydiogen Many of 
these elements also combine wUh hydiogen 
In this respect the valence numbers of the 
elements in the different gioups vaiy from 
zero, foi the inert gases, to 4 for the elements 
of group four Thus the formulas of typical 
hydrogen compounds are NaH, CaH2, and 
CH4 In like manner, the valences with 
chlorine also inciease from zero to 4 as illus- 
trated by NaCI, MgCb, ECU and AICI3, 
CCI4, etc Beginning with group five, how- 
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ever, the valence with hydrogen decreases 
one unit per gioiip Thus, in group five, 
NHj, and PH3 aie typical hydrides, in gioup 
SIX, H20, HaS, HaSe, etc , and in gioup seven, 
HCl, HBr, and HI are representative 

1 1 Changes of Properties Within Groups 

The valence nuinbcis of the elements of the 
eighth group vaiy widely, although osmium 
and nithenium sometimes have a valence ot 8, 
as we might expect The similaiities of these 
elements aic vciy maiked within a given pciiod, 
but considered as a (veitical) gioup, the elements 
diffei greatly. Thus, non, cobalt, and nickel aie 
veiy closely related, but tlieie is very little like- 
ness between them and obmium, mdium, and 
platinum 

Within a (veitical) gioup ot elements theie is a 
giadual change of piopeities iiom top to bottom 
These changes aie by no means as piofound 01 as 
sliaip as are the changes within a peiiod — 
flora, left to light In a peiiod the elements 
change fiom veiy active metals on the left to 
typical non-metallio elements on the light 
Theic is also the welhoideied 11101 case in valence 
(towaid oxygen) fiom one gioup to the next 
Within a gioup, the valence of all the elements is 
identical, 01 at least they have one valence num- 
ber m common Theie is, howevei, a slight 
change in the metallic charactei of the elements 
within a group This change indicates a tendency 
of metallic piopeities to become moie pionouiiced 
with the increasing atomic weights ot the ele- 
ments Thus, cesium (if we neglect numbei 87 
about which we know veiy little at the piesent 
time) IS the most active metal 111 gioup one 
In fact it IS the most active metal m the entiie 
system of elements Similarly, bismuth in gioup 
five (B) IS much moie metallic m ohaiactei than 
the othei elements of this family This dilference 
IS especially pronounced it we compaie bismuth 
with nitiogen, the fiist and lightest member of 
the family Iodine, ui gioup seven, although a 
typical non-metal, is the least active of the 
halogens and in many respects differs much less 
from the metals than fluonne, chloune, and 
biomine Fluoime and chloime aie gases under 
ordinary conditions, biomme is a volatile liquid, 
and iodine is a solid Thus, even m a physical 
sense, iodine is moie like the metals than the 
othei elements of its family. 
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Just as metallic properties within a group 
increase with increasing atomic weight, con- 
versely it may be said that the elements at the 
bottom of the different ginups aie less non- 
metallic m ehaiactoi than those at the top 
Thus, boion, caibon, mtiogcn, oxygen, and 
fluoime arc all mucli moie non-motallic in chemi- 
cal behavioi and in their physical propeities 
than aie thallium, lead, bismuth, tclluiium, and 
iodine, Fluoime, at the top of gioup seven, is 
the most active ot all the non-metals. It com- 
bines with so many cloiiieiits and leacts with so 
many substances that it is extieiiiely difficult to 
find a container foi it when it is produced Be- 
cause of its extreme activity in combining with 
othei elements, it tends to lemain in the com- 
bined state Hence its production in the fiee 
state IS also voi y diflicult 
If we draw a line acioss the peiiodic table 
(Figuie 103) in a iliagoual diiectuui fiom the 
uppei left-hand couioi to the lower right-hand 
comer, the table i.s diridod loughly into two 
divisions ol elements Those on the left aie the 
metals, those on the right aie non-metals. As 
might be expected, the elements which he along 
or npiii the diagonal Imo exhibit the piopeities 
of both metals and iion-motals. Thus, arsemc 
and antimony lesemhlo the metals in eompounds 
such as Ast'lj and Sht'l,, which aie somewhat like 
the chlotidcs of sodium and calcium (NaCl and 
CaCb) These clcnionts also form compounds 
such as IIiAs and lIjHli, which aie like the hy- 
diides of mtiogen, sulfui, and chlniine (NH), 
HaS, and IICI). They also foiin compounds, 
such as HiAsOi and IliSbOi, in which tliey re- 
semble sulfui in the sullatcs (HjSOi) 

12. Uses of the Periodic Table 
The pciiodic table bungs together in the 
same grou[) elements Unit possess similai 
piopoities It also displays the giadual 
changes m pi opertac'S that oceiii fioingionp 
to grou]) within a ])C'iiud (acioss) and lioin 
top to bottom within a gioup Such a clas- 
sification IS oi inestimable value to the stu- 
dent It allow, s the diffeient elements to be 
studied as a tew well-defined groups, oi fami- 
lies, rather than as ninety individual sub- 
stances For example, an acquaintance with 
the pci iodic table allows one to predict, as 
Meiidelccff piedicted foi eka-silicon, many 


of the propeities of an element, although one 
may not previously have studied that ele- 
ment As an example, we should expect 
that cesium, smee it is in gioup one and is 
an A element, would form a chloride having 
a formula (CsCl) and properties similar to 
those of sodium chloride, NaCl Through 
this system of classification, therefore, oui 
laiowledge of all the eleinent,s and their com- 
pounds Is coil elated, and the chemistry of 
each element becomes a pait of a well-organ- 
ized outline including all of them 
Secondly, the system as suggested bv 
Mcndeleeff led to nioie accurate determina- 
tions of the atomic weights of the elements 
than had previously been available The 
atomic weights ot some of the elements wore 
not accurately knowm in 1870 Indium, lor 
example, was thought to be bivalent, and 
because its ecjuivalent weight was known to 
be aliout 38, its atomic weight was thought 
to he between 75 and 76 The periodic table 
indicated that this value was not coriect, 
because it would place indium between ai- 
senic (76) and selenium (79 2), wheic il ob- 
viously did not belong However, theie was 
a gap in the talile, as it then stood, between 
cadmium (112 4) and tin (118 7), and it was 
seen that the gcneial pioperlics ot indium 
would fit into this gioup-tliiee position much 
bettei than into gioup six It indium were 
placed here, it should have a valence of 3, 
its oxide should be In^Oj, instead of InO, 
and its atomic weight should be 3 X 38, oi 
about 114, mstead of 2 X 38, or 76 Later 
investigations of the properties and atomic 
weight of indium pioved that these assump- 
tions were correct Accordingly, this element 
was jilaced in its logical position in the table 
Similai corrections wore made in Ihe atomic 
weights ol other elements 
The table has also lieen of gi oat value in 
cheeking the properties ol the elements, if 
the data oblained by expeiiment did not 
agiee with the data that could be jiredicted 
from the location of the element m the table, 
the tacts had to be caiefully checked 
Lastly, the periodic classihcation has en- 



228 


CLASSIFICATION OF THE ELEMENTS 


couraged the search for new elements, be- 
cause blanks in the table as it was first con- 
structed indicated that certain other ele- 
ments existed We have already desciibed 
Mcndcleeff’s prediction of the three elements 
that belong below boron, aluminum, and 
silicon in the table, these and other gaps 
have been filled The seaich has slowly nar- 
rowed until at the present time it can be 
stated without serious question that none 
of the ninety-two positions from hydrogen 
to uranium remain unfilled More impoi tant 
still IS the fact that a place in the table has 
been found for every element that has been 
discovered, Although it appeared, at first, 
to be a puiely arbitiary scheme that by 
chance did bring together elements of similar 
properties in the same group, the pei iodic 
classification has been completely justified 
by the results that it has yielded 

13. Weaknesses of Mendeleeff's Periodic Sys- 
tem 

Our commendation of the periodic system 
must not pass, however, without mention of 
certain weaknesses in it, many of which we 
have already discussed in connection with 
various features of the table (page 223 ) 
These and otheis are summarized below 

(1) The position of hyrliogen is uncertain 
(page 222) 

(2) Some elements must he shifted from the 
positions to which they would be assigned by 
strict adherence to the oider of increasing atomic 
weights This shift is necessaiy in Older to bring 
such elements into groups mth othei elements 
which they resemble and to avoid placing them 
in groups whose members they do not re.semble 
m chemical behavioi oi, m some instances, even 
in physical characteiistics (page 223) 

(3) Mendeleeff’s classification places some ele- 
ments in groups to which they pioperly belong 
only if a minor valence, and peihaps other some- 
what unusual pioperties, of the element are con- 
sidei ed Thus, coppci in group one does have a 
volence of one towaicl oxygen, one of its oxides 
has the formula CvhO, and the coiiesponding 
chloride is CuCl But the more common and 
important compounds of copper are those m 


which this element has a valence of two — CuO, 
CuCh, etc Many of the elements have moie 
than one valence toward oxygen Thus, theie 
are two oxides of carbon, five of mtiogen, two of 
mercury, two of sulfui, etc The position of each 
of these elements m the pei iodic system, of 
com sc, emphasizes but one of these valences and 
but one set of coiiesponding compounds 

Some families contain membeis that lesemble 
elements in othei groups moie than those of their 
own group Meicury of gioup two and coppei 
aie probably more closely related than are coppei 
and gold, both of which are m group one 

(4) A large gioup of veiy closely lelated ele- 
ments — the laie eaiths — must be placed m the 
table between cerium and hafnium To accom- 
modate these, the foim of the lower part of the 
table must be altered consideiably They aie 
usually omitted from the table piopci and placed 
111 a gioup by themselves at the Iwttom 

(6) There is no i elation between the pci iodic 
classification and other methods of classifying 
the elements The metaUio elements of the ac- 
tivity, or electrochemical senes, follow no oidei 
winch can be traced in the periodic table, they 
are scattered here and theie thioughout this 
table Purthermoie, the schemes of analysis of 
substances containing drtteient metals call foi 
the separation of these elements mto ceitain 
well-defined groups In some of these groups the 
metals are, foi the most part, those that belong 
to the same gioup in the peiiodic classification 
This IS true particularly of the analytical group 
that includes sodium and potassium and thr 
gioup containing calcium, banum, and stion- 
tium In others, the metals are scatteied 
thioughout the table One such group, for ex- 
ample, contains such widely sepaiated metals 
as copper, cadmium, bismuth, and mercuiy, 
anothei contains lead and silvei, and still an- 
othei bungs together for detection non, alumi- 
num, manganese, zme, and chiomium 

Mendeleeff’s classification of the elements 
was based upon the simple punciple ol ai- 
rangmg the elements in the oidei of mcieas- 
mg atomic weights This pi mciple, hoiveve i , 
does not explain the table — it does not shov 
why the elements, when so aiianged, fall into 
peiiods and groups Mencleleeff Inmselt 
had no explanation of the table and was of 
the opinion that there was no suitable ex- 
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planation so far as was known at that time 
No one knew any way of explaining, for ex- 
ample, the fact that atoms of sodium have 
many properties similar to those of potas- 
sium but few, if any, similai to those of clilo- 
nne Also, llu're was no clue that even sug- 
gested an explanation of the gradual changes 
from group to gioup within a peiiod or from 
top to bottom wilhin a family It was evi- 
dent, certainly, that atomic weights alone 
could not explain all the similaiitios and 
diffeiences, because sometimes the order 
of atomic weights had to be abandoned in 
order to place some of the elements in the 
group to which llu'y belonged 

Many of the apparent di'fects of the 
periodic classification have been explained, 
and otheis have been corrected, as we shall 
show in the next chapter, by using atomic 
nitmbeis instead of atomic weights as the 
basis ol classilicalion With all its defects 
the pci iodic table has served so well and has 
proved so acemate in many ways that such 
wealenesses as have been dosciibed scarcely 
can detract tiom the piofound respect with 
which one must regaid it No other prin- 
ciple or theory has done so much in pioduc- 
ing a systematic classification of chemical 
knowledge 

Review Exercises 

1 Explain the fnllnwiiig tcims as they aie used 
in dcsciilimg paits of the peiiodic table 
peiind, A and H sciics, ginup, taniily 

2 State the bciioihc I^aw Show that it is not 
entnely valid as Meiuleleeff fouiuilated it 
How do the jimpci tics of the eleiiionts change 
(«) lioiu left to light and (b) fiom top to 
bottom in the talile (1) with logaid to va- 
lences lowiud oxygen, (2) witli regaid to 
valences towaid liydiogcn, and (3) with ic- 
gaid to inctalhc chaiactciistics? 

4 W'hat aie some of the weaknesses of Men- 
dclocll’s classification? 

T). Wluit does the pei lorlio sy,stera suggest con- 
eoitung tlie natuio of atoms? 


6 How has the peuodic classification aided in 
the development of chemisti y? 

7 Fiom then positions m the periodic table, 
predict the foimiilas of oxides of the follow- 
ing elements Mo, W, Si, Sn, Sb, Te, and Ra 

8 Would you expect the chloride of silicon to 
resemble NaCl more closely than it does 
CCh? Explain 

9 Which element, iodine or cliloiine, should 
combine moi e readily with sodium? Explain 

10 Which element, nitiogen oi bismuth, should 
combine moi e i eadily with chloi ine"^ Explain 

11 From its position in the periodic table, pie- 
dict the properties of sulfui as compaied to 
those of oxygen 

12 Of the three elements calcium, strontium, and 
barium, which should occupy the highest posi- 
tion in the activity oi electrochemical series? 
Explain 

13 What atomic weights would you predict foi 
elements 85 and 87“^ 

14 Would you expect telhiiium and selenium to 
icsemble sulfur moie closely than they re- 
semble cbiomium’ Explain 

15 Of the thiee elements, sulfui, mercuiy, and 
tin, which would you predict is most likely 
to foim a hydi oxide that can act as an acid'^ 
Explain 
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X-RAY SPECTRA, ATOMIC NUMBERS 
AND THE STRUCTURES OF CRYSTALS 

Nature reveals the same wide grandeur in the 
atom and the nehula, and each new aid to 
knoieledge shows her vaster and more diverse, 
moie fruitful and more unevpected, and, above 
all, wifathomably immense 

PEERIN 


1 Introduction 

Atomic numbers and the methods used to 
determine them aie discussed in this chaptei 
in order that we may complete the study of 
the periodic classification of the elements 
that we began m the pieceding chaptei 
We shall find that a classification based upon 
the atomic numbers of the elements is more 
satisfactory in some lespects than Mende- 
leeff’s classification, which was based upon 
atomic weights 

We shall also discuss in this chaptei the 
stmetures of crystals, because the methods 
used to study crystals and to deteimme 
atomic numbers aie very similar Both 
involve the effects of crystals upon X-rays 

2 X-Rays 

An electric cuirent will pass through a gas 
contained m a tube in which the pressure is 
veiy low A tube of this kind is shown in 
Figuip 105, in which A and C are the anode 
and cathode, respectively As the discharge 
occurs, the gas within the tube emits hght, 
and ccitain “rays” appear to stream oil 
the cathode These are not true rays like 
light; experimental evidence indicates that 
they consist of veiy small, negatively 
cluuged pai tides, which tiavel in straight 
lines with enoimous velocities They aie 


called cathode rays (page 258) The pai tides 
of which they aie composed aie electrons. 
In 1896, Roentgen discoveied that these 
“lays” have a pecuhai effect upon the glass 
walls of the tube and upon othei articles 
which they strike Thus, in Figure 105, the 
lays are made to stiike a target, which is 
made of some metal Whciever the cathode 
rays strike, a disturbance is produced and is 
transmitted, as radiant energy, from the 
point of origin through space with the same 
velocity as visible hght These rays differ 
from visible light in many respects, how- 
evci Poi one thing, they are much more 
penetrating I''echnically speaking, they are 
made up ot shortei wave-lengths than rays 
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of visible light They aie invisible to the 
eye, but like visililc light they affect the 
photographic plate and in a far more effec- 
tive manner than visible light They are 
commonly called Rnentgen rays or X-iays 
Because of their grcati'r penetrating powei, 
X-rays pass thiough substances that aic 
opaiiuo to visible light Thus, a photo- 
graphic plate wrapped m several thicknesses 
of black iiapc'i is unaffected by exposure to 
visible light but is affected by X-rays in a 
pionounccd manner Tlio use of X-rays in 
revealing fractured bones of the body, and 
in other diagnostic ticatments, depends upon 
the relative ability of difleirat pnrts of the 
body, such as bones and flesh, to absorb, oi 
stop, the rays The rays aie also stopped 
liy thin sheols of metals, such as lead 
Light and other foiras of ladiant cncigy 
can be consideicd as wave motions, like the 
waves which aio pioducod by the dioppmg 
of a stone into walm- In the ease of water 
waves, a whole si'ries ol eu'sts .irid troughs 
arc produced and the wave travels out m 
ever-widening circles We may think of 
light and X-iays as similar waves which 
tiavel out through space liom some point 
of chstiiibancc m an o\|iandmg siiheiical 
shell These wave's may be considoiod as 
also having crests and iioughs The dis- 
tance between two successive crests is a 
wave-length (ffiguie lOG) Light and othoi 
foims ol laihant energy also are said to diffei 
m fieriuencics, the smalloi the wave-length, 
the greatci Ihe liefpiency This means that 
there will lie more wave-lengths pei centi- 
nictci, in the dnectioii in whieh the wave is 
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to be Somewhat Like a Water-Wave 
The distance from one trest to the next is a wave-length 
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moving, for small wave-lengths than for 
laiger ones 

SPECTRA OF VISIBLE LIGHT AND X-RAYS 

In studying many of the elements and 
their compounds the chemist makes frequent 
use of data obtained by dotci mining the 
wave-lengths oi frequencies of the light 
emitted by different substances when they 
are made luminous, i e , when they are 
heated to a temperature at which they emit 
hght In later chapteis, we shall have oc- 
casion to refer to this subject again Just 
now, we are interested in the wave-lengths 
and fieqiiencies of the X-rays emitted undci 
suitable conditions by different elements 
and their compounds To understand the 
methods used in determining the wave- 
lengths of X-rays we shall find that a brief 
description of the methods used m the study 
of visilile hght will be helpful 


3 The Spectroscope 

Sometimes tlio chemist finds that ho can- 
not use ordinary chemical methods to iden- 
tity ceilain elements or their compounds 
Foi example, the inert gases of the atmos- 
phere, which foim few if any compounds, 
cannot be identified by then chemical re- 
actions Instead, the chemist in studying 
them must use a device borrowed from the 
physicist and called the spectroscope This 
IS an instrument which breaks up a beam of 
hghl, flora any source into its various colors, 
01 wave-lengths A common form of spec- 
troscope contains a glass pi ism which re- 
solves a beam of hght into its dilleient com- 
ponents Anothei form employs a diffrac- 
tion giatmg which consists of a number of 
lines ruled closely together on a glass plate 
We shall biiefly describe the action of the 
foimer 

Oidinaiy, oi white, hght is made up of 
all different colois — red, orange, yeUow, 
green, blue, and violet Each of these colors 
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Figure 107. Production of a Spectrum by Means of a Prism 


consists of light waves of several different 
lengths (Figuic lOG) When the beam is 
passed thiough a prism (Figuie 107), each 
kind of wave is bent oi i efi acted in a definite 
niannei, and the different waves are refi acted 
to diffeient extents Red light is lefi acted 
least, violet most, and the other colois to an 
intermediate extent In the spectroscope, 
the beam ol light enteis A (Figure 108) 
thiough a nanovv slit, which is located so 
that it IS parallel to the axis of the prism 
After lefiaction, the diffeient colors of light 
give numeious images of this sht, when they 
lall upon a screen which is placed m the 
propel position with letcrence to their path 
after deflection Or, if we substitute an eye- 
piece (B) foi the scieen, the different nnages 
of tlie slit appeal to the eye as bught Imes 
on a daik field. We speak, theiefore, of the 
lines of the s-pechum For white light the 
senes of lines is complete all colors are 
represented ^ — and the spectrum is said to 
be contmuous The spectioscope usually 


has another tube (C) containing a scale that 
IS obseived when one looks through the 
eyepiece The different lines of the spec- 
trum are scattered out along this scale If 
the same scale is used, and if it is fixed in 
position, any one line can be identified in 
any spectium by its location on the scale 

4. Spectra of Light Emitted by Luminous 
Materials 

White light may be produced by heating 
any solid to incandescence, consequently, 
light from such soiuces gives continuous 
spectra. Discontinuous spectra are obtained 
from the light emitted when salts of the 
metals are volatilized in a flame, or when 
gases of different kinds aie subjected to an 
electrical discharge iindei low pressures 
The light from such sources is resolved into 
spectra that contain only ceitain bright lines 
These Imes aie characteristic of the elements 
contained m the salts which aie volat/ilized 
or are present in the gases subjected t.o the 
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electiucal discharge It is possible, therefore, 
to identify an element by means of the 
spectrum of the light which it emits 

Idle common metluxl of cauKiii!!, the metals to 
emit light, so tliat tlioir spcotia may be pioduced, 
consists 111 heating small quantities of their salts 
(usually the chloudes because they as a lule aie 
most volatile) on a platmuin wiic in the flame of 
a Bunsen buiner The huinei is placed befme 
the speotioHcopo m a position ho that the light 
horn the flame will pass thiough the slit The 
beam of light selected by the sht falls upon the 
prism, theio it is analyzed and the spectrum is 
obseived thiough the eyepiece To secuie the 
higher tempeiatuies sometimes requited to vol- 
atilize ceitam substances, the electiic arc may 
be used The enilion electiodos of tlic aic may 
be hollowed out on the end to make small cups 
in which the auhstaiice to he volatilized is placed 
The aio flame may loaeh a tcmperatuie of about 
3000° C ddie light fiom this Houtee gives an arc 
spootium Tlie teimitials of an mduetion (spaik) 
coil may also be coated with llic substance to be 
volatilized The hglit fioiii this source gives a 
spark spoetiiim Flame, are, and spaik siiectia 
diffci in the iiuiiihei of hues winch can bo ob- 
Horved m each A suhstaiieo that shows some of 
the chaiactenstio lines of the, spi'ctia of its eon- 
stituent elements when heated iti a flame will 
icveiU mote hues when it,s spc'ctium is detei mined 
by the me mid spmk nietliods 

Gases aie usually made htimuous by discharg- 
iiig electricity tliiough them under a prcssuie ol 
about 1 mm The tubes me sealed aftei tlic le- 
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Figure! 10. A Pliicker Tubs 

moval of an and the introduction of very small 
quantities of the gases to be studied Two elec- 
trodes (platinum wires) are sealed thiough the 
walls, one wire at either end of the tube The 
central poition of the tube is usually constiioted 
until it is of capillary dimensions (Figure 110) 
This is the so-called Plucker vacuum tube. 

The tube is placed betoie the spectioscope, and 
the light emitted by the gas in the oapillaiy por- 
tion of the tube is passed thiough the slit The 
lines of the spectrum obtained fiom this souice 
depend largely upon the natme of the gas m the 
tube The coloi of the light m the tube and the 
ehaiacter of the outstanding hues m the spectium 
differ, however, for the same gas with the piessuie 
111 the tube and with variations in the nature of 
the electrical disohaige, e g , whether it is mtei- 
mittent, continuous, oscillating, etc 

5 Absorption Spectra 

If a substance which is cither m the gase- 
ous state or in a solution (light must pass 
thiough it) is placed between the slit of the 
spectioscope and some source of white light, 
an absorption spectrum can be obtained. 
Instead of a continuous spectium, ccitain 
lines, depending upon the natuie ot the ab- 
soibing medium, fail to appear and are repie- 
sented by black lines (absence of color). 
These aie called absoiphon lines The ])osi- 
tions of the black lines m the absorption 
spectium of a substance coi respond exactly 
to the bi ight lines of the spectrum which the 
same substance pioduces when it is made to 
emit light Thus, certain black lines appear 
when the light fiom the sun is analyzed 
Those aie called Fraunhofer lines and are 
till' I ('suit ol the absorption of ceitam waves 
by the gaseous substances oontainecl m the 
sun’s atmo.sphcie By studying these ab- 
soiptiori lines it has been possible to identify 
Llie elements producing them, and hence the 
cliaiactei ot the atmosplicio surrounding the 
sun Helium, foi example, was recognized 
as an element in the sun long bcfoie it was 
discovered on the earth. Certain absorption 
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lines were observed in the spectium of the 
light flora the sun. These lines could not be 
identified in the spectra of any of the ele- 
ments known on the earth, and weie said, 
therefoie, to be pioduced by an element 
which existed only in the sun oi its atmos- 
pheie Later, the element was discovered on 
the earth and was identified by the lines in 
its emission spectium, which coriesponded 
exactly with the absorption lines previously 
observed in the sun’s light 

6 The Complete Spectrum 
Visible light, as shown in Figure 111, in- 
cludes only a small fi action of all the Icnown 
wave-lengths of radiant energy The com- 
plete spectrum includes longei wave-lengths, 
such as those of infraied radiation, and the 
shoiter wave-lengths of ultraviolet light 
and X-iays The oidinaiy spectroscope can 
be used to losolve a beam of visible light 
into its different wave-lengths, but it cannot 
be used for other parts of the spectium We 
shall now turn our attention to the method 
used to produce X-uiy spectia 

7. X-Ray Spectra of the Elements 
In 1914, Moseley found an important ic- 
lationship between the atomic number of an 
element and the wave-lengths of the X-iays 
emitted by the element when it is bombarded 
by cathode-ray particles (elections) in an 
evacuated tube To analyze the X-iays 
emitted by an element, i e , to deteimine the 
spectium of these X-rays, Moseley selected 
a narrow band ol X-rays bj' means of a slit 
m a box made of sheets ol lead and enclosing 
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the tube This small band or pencil of rays 
was allowed to fall upon a face of a crystal, 
which acted in the same manner upon the 
beam of X-rays as a diffi action giating does 
upon light A grating consists of veiy 
closely ruled paiallel lines upon a glass plate 
Such a grating bieaks up a beam of light 
into its constituent colors, oi wave-lengths, 
thus producing a spectrum In order to 
pioduce a spectrum the lines of the grating 
must be propeily spaced, this requires that 
the distances between successive lines must 
beai the correct relation to the wave-length 
of the hght which passes through the open- 
ings, Ol slits, between the lines of the grating 
In general, the distance between successiim 
slits must be of the same order of magnitude 
as the length oi the light waves When this 
condition is fulfilled, a series of dark and light 
lines appear on a screen placed on the oppo- 
site side of the grating fiom the souice of 
hght The daik lines, denoting the absence 
of light of any kind, are caused by the intci- 
fcience of the waves which spread out in 
sphciical shells from the slits between the 
lines The blight Imcs aie produced when 
leinforcement of one wave by anothei occurs 
By interference we mean that waves fiom 
diffeient slits meet trough to crest, such 
waves extmguish each other By leinforce- 
ment we mean that the crests of diflcient 
waves coincide The exact positions at 
which the reinfoiced waves will stiikc a 
scieen on the opposite side ot the grating 
fiom the souicc ot the light depends upon the 
wave-length of the hght Different wave- 
lengths will show leinfoi cement at difiorent 
positions with the same gi ating This means 
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Figure 112 X-Ray Spectra Showing the Decrease 
inWave-Length (toward the left) as the Atomic Numbers 
of the Elements Increase 

that the lay.s ol u‘(l Imlit will iipiK'iir at one 
position oil the nciooii and liluc at anotlu'i 
In tins way a siK'clium oi li^lvt is obtained 
Tlie wavo-h'iifLths of X-iavs ate so small 
m oomiiaiisoii to tliosi' ol visible liftht that 
linos cannot lie uihal sullu'K'iitly close to- 
gether on a giatiiig; to pioduoo an X-iay 
spectrum Tlie situation is much like the 
attempt to produce a spoctnun of oidmaiy 
light by passing it through a giatmg con- 
sisting of lines a loot apait, oi, lot us say, 


trying to pioduce the same effect by means 
of a picket fence 

In 1912, Laue found that a crystal can be 
used to diffract, or bieak up, a beam of 
X-rays into individual wave-lengths in the 
same manner that a ruled grating diffracts 
visible light This showed that the particles 
of a crystal are arranged in definite planes 
and lines, and that these are veiy close to 
one another The rows of atoms, or other 
pai tides, m a crystal act in a manner similar 
to the luled lines of the diffiaction giating 
The beam of X-iays is thus resolved by the 
ciystal into its ditfeicnt wave-lengths, and 
we say that an X-ray spectrum is produced. 

8 Determination of Atomic Numbers of Elements 
horn Their X-Ray Spectra 

Moseley analyzed the X-tays which result 
when dilleienl elements are subjected to 
bombaidment by catliode-iay pai tides and 
thus aie made to seivo as the somce of rays 
He lound that the spectia of the elements 
show ccitain characteiistic dilfeiences The 
same linos, oi pan s of lines, appeared in the 
spectrum oi the rays produced by successive 
elements, as these weie studied in the order 
ol their atomic numbeis The wave-lengths, 
or frequencie.s of these characteiistic lines. 



Figoro 113 Tho Relation Between the Frequency of X-Ray Spectral Lines and the Atomic Numbers (Ze) of the 

Elements that Produce the X-Rays 

The frequencies used here are those of the and /3i lines of a senes (K) in the X-ray spectrunn. 
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however, were found to vaiy in a regular 
fashion from one element to the ne\d (Figure 
112). When Moseley plotted against the 
atomic weight the frequency oi wave-length 
of a particular line that appeared m the 
X-ray spectra of many elements, he lound 
only an approximate relationship The 
points when connected gave an ii regular line 
It tended always in the same direction, but 
it was not straight He then plotted the 
square roots of the frequencies against the 
atomic numbers of the elements This gave 
an almost stiaight line (Figuie 113), which 
showed that the X-rays emitted by an ele- 
ment depend upon the atomic number of the 
element lather than upon the atomic weight 
If the wave-length, or frequency, of this same 
line can be determined foi an element, then 
the atomic number of that element can be 
determined directly from the curve This 
method has often been used in the identifica- 
tion of some of the elements. 


9. Atomic Numbers and the Periodic System 
The classification of the elements in the 
order of their atomic numbers, as determmed 
by Moseley's method, has certain advan- 
tages ovei the classification based upon 
atomic weights In the fiist place, the ele- 
ments, when so classified, fall into position 
in the groups to which they belong No ex- 
ceptions, such as were made in the positions 
of argon and potassium m Mendeleeff’s table, 
have to be made In the second place, the 
number of elements between hydrogen and 
uranium is definitely fixed There can be 
only 90 elements within these limits Blanks 
in the system were rapidly filled after 
Moseley’s method of identifying an element 
by Its X-iay spectrum was developed 
Within a few years after Moseley’s untimely 
death in 1914, hafnium, masurium, rhenium, 
and illmium were discovered by means of 
their X-iay spectra and their atomic num- 
bers were shown to correspond to four 
places in the periodic table which previously 
had been vacant 


All the Lsotopes of an element have the same 
atomic number but diffeient atomic weights 
This IS evident, of course, since theie are only 
92 atomic numbers (fiom hydiogen to uranium) 
It would be impossible, theiefore, for the ten 
isotopes of tin (No 50) to have diffeient numbers 
If ten different numbeis foi this element weie 
possible, nine of these isotopes would be placed in 
gioups where, because of physical and chemical 
properties, they evidently do not belong Fur- 
theimore, the X-ray spectrum of an element 
which may consist of sevoial isotopes settles this 
mattei beyond any question Each element, i e- 
gaulless of the number of its isotopes, gives but 
one spectrum and has, theiefore, but one atomic 
number. Isotopes may have diffei ent numbers of 
neutrons m the nuclei of then atoms, but the 
number of protons is the same for all the isotopes 
of an element 

Fiom a consideration of the atomic num- 
bers of the elements and then pci iodic clas- 
sification we can make one interesting and 
impoitant conclusion There is no perio- 
dicity or lecurrence of nuclear charges as 
there is of physical and chemical piopeities 
The properties vary from one element to the 
next through a period of the periodic system 
and then are repeated with slight differences 
foi the elements of the next period The 
nuclear charge, on the other hand, vanes 
by one unit from one element to the next 
straight thiough the entire table We must 
look, therefore, lor some explanation of the 
pel iodic feature of the properties of elements 
in the structure of the atom outside of the 
nucleus Heic we should find recuirences 
of some sti uctural feature which coi i esponds 
to the lecurrence of properties among the 
elements 

10 Restatement of the Periodic Law 
In the light of what has been said in the 
preceding section, the Periodic Law (page 
223) should be restated as follows The 
properties of an element are a periodic Junction, 
not of its atomic weight, hut of its atomic num~ 
her. This means that as we pass from one 
element to another in the periodic system, 
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the nuclear charge increases by one unit at 
a time The charge of the nucleus depends 
upon the niimboi of piotons in it, and the 
change in nucdcai chaige shows that this 
number increases by one as we pass from 
one element to the one next following it 
Thus, Ihc hydrogen atom (atomic weight, 

] 008) has a single pioton m the nucleus 
The nucleus of the' hc'lium atom contains 
two piotons, but its mass is appioximatcly 
foiii times the mass of a pioton, it also 
contains two neiitions, since the element’s 
atomic number is 2 The next element, 
lithium, exists in two isotopic atomic foims 
These have masses of G and 7, lespectivcly 
The nuclei of both kinds of lithium atoms, 
howevei, have the- same niielcai charge, 
since theie is but one [lossible atomic iiumhei 
foi the element This number is 3 Hence, 
the nucleus of the atom of mass 0 contains 
tliiee piotons and thiee neutions, the atom 
of mass 7 contains three protons and four 
neutrons Tha aloim of isotopes have difjeient 
masses hut the same mu tear chniqe Isotopi's, 
thoieloie, have the same atomic numbei 
Since the isotopes ol an clement aio piacti- 
cally identical except, for atomic weight, 
the dependence of the iiropc'i'ties of an cle- 
ment upon atomic numbei lathei tlian upon 
atomic weight is obvious Tlio periodic clas- 
sification of the elements shown in the 
Periodic Talilc on the inside of the back 
covei of this book is based upon atomic 
numbers 


THE STRUCTURES OF CRYSTALS 
1 1 Introduction 

In determining tlie atomic numbers of tlie 
elements, Mosc'ley used a crystal lor which 
the spacing between atomic planes was 
known Fiom l.his distance and from the 
angles at which reflections of the dilfcient 
X-iay waves wore obtained, he calculated 
the wave-lengths of X-iays oiiginating in the 
atoms of diffeient elements Now this 
method can also be used to deteimine the 


spacing between different sets of planes in a 
crystal, if a single (monochiomatic) X-ray 
wave-length is employed, and if the crystal 
IS rotated about some axis in order that the 
beam of X-iays will fall upon different sets 
of planes at the pioper angle for reflection 
Before attempting to dcsciibe the stiucturcs 
of crystals as determined by their diffi action 
of X-rays, let us describe biiefly thou ex- 
ternal forms 

12. The Forms of Crystals 

As already suggested we believe that the 
pai tides composing a crystal aie arranged m 
ordeily lines and planes The external forms 
of ciystals fiist indicated this to be tiue 
Every ciystal has a definite foim which can 
be described in geometiical teims It is 
bounded by plane sui faces called faces 
These make characteristic angles with one 
anothei and aie arranged in an oideily 
fashion with respect to certain lines which 
can be drawn thiough the ciystal These 
lines repicsent the ciystal’s axes The axes 
of the ciystal in Figuie 114 aie repiesented 
by the heavily shaded lines that are drawn 
perpendicularly to the faces of the cube 

Ciystals are classified into six groipis, 
depending upon the relative lengths and the 
airangement of their axes The six funda- 
mental systems of crystals are shown in 
Figures 114-119, and aie described below 

(1) Regulai, cubic, oi isometric system (Figure 
114). These crystals have thiee axes of equal 
lengths at light angles to one another 

(2) Tetragonal system (Figure 115) These 
have three axes at light angles to one anothei, 
but with one axis of ihifeient length horn the 
other two 

(3) Oithoihombic system (Figuic 116) These 
have thiee axes, of which no two are of equal 
length, but all are at light angles to each otliei 

(4) Hexagonal system (Figure 117) These 
have foui axes, thiee of which aie in one plane 
and make angles of 60° at their point of intci sec- 
tion, and a fourth at right angles to these thiee 

(5) Monoclmic system (Figure 118) These 
h.ave three axes of an 3 ' relative lengths, one axis 
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Figure 114 Regular System 
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Figure 115 Tetragonal System Figure 116 Orlhorhombic System 



Figure 117. Hexagonal System 



Figure 118 Monoelinic System 



Figure 119 Trlclinlc System 


16 , inclined at an angle of 0°-90° to one of the 
otliei axes, but each of these it, at light angles to 
the thud 

(6) Tiiolinic .system (Figure 119) Thicc axes 
of these ciyhtals have any lelalne lengths, and 
each axis is mohiied ton aid the othei two 

The system to which the ci vstals of a given 
substance belong is as cliariicteristic of that 
substance as its othei propeities The shape 
and appearance of the crystal may vaiy, hut 
these vaiiations do not mean that the funda- 
mental crystalline chaiactei is diffeient for 
diffeient exterior forms Sodium chloiide, 
foi example, may ciystallize as cubes or as 
octahedia (Figiue 114), but both of these 
foims belong to the logular system of ciys- 
tals Thcie aic many difleient ciystal-foims, 
but all of them can be pioperly classified m 
the SIX fundamental systems dcsciibed above 


Diffeient substances that ciystallize in the 
same system and form ciystals that have 
axes of the same lelativo lengths and inclined 
at the same angles aie said to be isomoi phouR 
On the other hand, the same substance does 
not always ciystallize in the same sj'stem 
Caibon, for examiile, crystallizes as diamond 
m the lognlai system and as graphite in the 
hexagonal sj'stem Sultui foims both mono- 
cdinic and oitlioiliombic crystals Those 
modihcations aie called allolntpic loims ol 
the substance 

13 The Crystal Lattice as Determined by 
X-Rays 

When a monochiomatic (one wave-lcnglli) 
beam of X-iays falls upon the upper lacc 
(Figuio 120) of a crystal of sodium chloiide, 
the beam is icflected at a definite angle, 
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Figure 120 Apparatus Used to Study the Structures of Crystols by Means of X-Rays 
The X-rays are produced In the tube X, pass through the slit S, and fall upon the crystal C Here they are reflected 
by planes of atoms The direction of the reflection is found by moving I through the arc of a circle around C When it is 
in the correct position the reflected beam of X-rays enters 1 and ionizes the gas that it contains The angle of reflection is 
then read on Scale A. 


which can lie inoiiMuorl hhom the magni- 
tuclo of this angle and the wave-length of the 
X-iay, the spacing of the planes parallel to 
this face can lie doti'iiniiiecl When the 
crystal is rotated about oiu' axis, so that the 
beam becomes incident to another face like 
the lust, lefleeliou is obtained at exactly the 
same angle, nidicatmg tliat the spacing be- 
tween the planes iiarallel to this face is the 
same as that between the first sot A simihii 
lesult IS obtained caeli tunc the crystal is 
rotated tliumgh 90° about thc' same axis 
If thc ciystal is rotati'd about some otlici 
axis, as loi examiile tlie axis that may be 



Figure 121 Some of the Sets of Planes in a Crystal 
that will Reflect a Beam of X-Rays 
The planes of each set are separated by a definite 
distance between planes and, therefore, each set of planes 
will reflect the beam at a definite angle 


drawn from one comer of the cube diagon- 
ally thioiigh the cube to another comer, some 
other set ol planes (Figuie 121) may be made 
to leflect the beam The magnitude of the 
angle at which this leflection is observed 
shows that the spacing is different, and from 
the magnitude of the angle the spacing can 
be determined Infoimation of this kind 
makes possible the assignment of definite 
positions to the atoms, or othei particles, 
of which the ciystal is composed These 
jiositions he at the points where the different 
atom-beaimg planes of the ciystal intersect 
An orderly pattern of the particles arranged 
in three dimensional space is thus determined 
loi a given ciystalline substance This pat- 
tern, or airay, is called a ciystal lathee, oi it 
IS sometimes called a space lallice The 
smallest poition of the ciystal that leveals 
the complete lattice pattern is called a 
ciystal unit Foi an illiistiation ot what is 
nu'aiit by a ciystal lattice, wc may lefci to 
Figuic 125 or 126 In a sense, wo may think 
ol dilferont lattices as dilfcient methods of 
piling spheies togethei, provided that it is 
collect to think ot atoms oi molecules as 
spheres 

The method desciibed above fui thc study 
of crystalline substances was developed by 
W H Biagg and W L Biagg An earlier 
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Figure 122 Laue's Method of Studying the Structures 
of Crystals 

The beam of X-rays (X) strikes the crystal C and posses 
through It In doing so it is diffracted by many sets of 
planes, each set causing a diffracted ray to strike ot a 
different point on the plate (P) 


method was suggested bv Lane By Lane’s 
method a beam of X-iays is -passed Iboiigh 
a cry.stal and eventually stiilces a jihoto- 
graphic plate (Figure 122) Many diffeient 
sets of planes diffract the X-i ay beam, each 
set of pai'allol planes producing its own 
diffraction spots on the photogiaphic plate 
The distance and diiection of the spots from 
the ceiitei depend upon the inclination of 
the planes with refeience to the direction of 
the beam’s path, and they depend, also, 
upon the spacing between paiallel planes 
The daik spots on the plate lepresont the 
diffcient dll actions in which reinfoi cement 
of the beam occurs The plate is not affected 
at othei points, because intcifoicnce destioys 
the X-iavs m these dircetions The ,sym- 
metucal airangemcnt of spots in the jihoto- 
graph coiiesponds to a similar symmetiy of 
planes within the civstal 
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123 A Patlarn ot Spots Obtained on Ihe 
Photographic Plate (P) of Figure 122 


14. Crystal Structures 

The structures of ciystals of many metals 
non-metallic elements, natuial substances, 
and chemical compounds such as sodium 
chloiide and magnesium oxide have been 
studied by the methods desciibed above 
Upon the basis of the kinds of particles that 
act as the striictuial units and the nature 
of the forces that bind the particles togethei, 
ciystals may be classified as followhs (1) 
atomic, (2) molecular, (3) metallic, (-i) ionic 

In atomic crystals single atoms aie the 
units, and these are bound together by 
foiccs similar to those between the atoms of 
covalent compounds, i e , by the shaimg of 
election pans Oaibon forms crystals oi 
this kind Molecular ciystals, as the name 
implies, consist of molecules of some element 
01 compound held together by foiecs of the 
same nature as those which pioduce co- 
hesion and atti action among the molecules 
of a liquid or a gas (page 100) Solid chlo- 
iine, Ch, carbon dioxide, watei, and many 
oiganic compounds foim cry,stals of this 
land In goneial, metals form ciystals in 
which the valence elections of the atoms 
(page 58) are scattered thioughoiit the 
ciystal’s stiiictuie and serve to bind the 
positively chaigcd metallic ions togethei 
Having lost then fiee, or valence, electrons, 
the metallic atoms of the crystal are positive 
ions i.athei than eicctiically neutral atoms 
Ciystals of this kind are calleil metallic 
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crystals. Ionic ci yslals ai e illusti uted by the 
ciystals ol sodium chloiide, which aic de- 
scribed below The.sG ciystals are composed 
of ions aiianged in many different geo- 
metrical forms, one of which is the lattice 
of sodium chloiide 

1 5. Types of Crystal Lattices 
The atoms, mok'ciiles, or ions that com- 
pose the lattices of ciystals are arranged m 
many dilfciciiL pattmiis, di'pt'ridmg upon the 
size of the pai tides, tiieir stiuctuics, and 
the natiiie ol the valence loices that hind 
them togt'thei A few of the dilfeient kinds 
of lattices aie shown in the sketches on this 
and the following pages Coppei, silver, 
gold, and seveial othei metals ciyntallizc 
in a vaiK'tv ol tlu' regulai system called the 
face-ccnici cd lattice (i‘'iguu> 124) 'I'his 
drawing leiiii'senl.s the packing of atoms 
in a large crystal, tlu' space lattice — or 
crystal unit- is indical.t'd by dotted lines 
and IS also shown iii higiiio 125 Most of 
the metals that ari' duetih' and easily beaten 
or lolled into thin sheets eiystallize m the 
faco-ccnteied lattice ])atXein d’he mallea- 
bility and ductility ol metals depend, of 
eouise, upon the t'ase with which the atoms 
of then ciystals can slip ovi'i one another 
under piessure In ciystals that aie based 
upon till' lace-cciitered lattici', planes of 
atoms may slide oi slip over and past othei 
planes without actual fiactuie of the ciystal 
Magnesium, zinc, and cm tain othei metals 
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form crystals based upon the hexagonal 
lattice (Figuie L26) The iacc-ccntcied and 
hexagonal lattices lepiesent veiy close 
packing of atoms m crystals Some metals, 
such as sodium and potassium, crystallize 
m the body-centered type of lattice (Figure 
127), in which the packing of the atoms is 
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Figure 127. The Body-Centered Cubic Lattice 


Figure 125 The Face-Centered Cubic Lattice 
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Figure 128 The Crystal Lattice of the Sodium Chloride 
Crystal 

not so close oi “tight” as it is m the face- 
centered and hexagonal types 

1 6. The Structure of Crystals of Sodium Chloride 
The pattern of the ciystal lattice of so- 
dium chloride is shown in Figure 128 The 
crystal unit is com]josed of eight small 
cubes, and the pai tides that make up the 
lattice are sodium and chloiide ions The 
sodium ion m the centei of the laige cube 
(Figuie 128) IS surrounded by six chloiide 
ions, \Yhich he at the eentcis of the six faces 
of the cube In a laige crystal each sodium 
and each chloride ion is the centei of a 
similai cube 

'I'Ue ijaiticles aie held in inoie m less fixed 
positions 111 the lattice of the ciystal by the 
electiostatic forces which the posilnelj'’ chaiged 
sodium ions and the negatiiely chaiged chloiide 
ions exeit upon each othei If the paibiclcs are 
given sufiuient eneigy hy the absoiption of heat, 
for example, the foices which make possible the 
ciystalhiie stiuctiiie aie oieicome and the 
ciystal melts Then again, when salt dissolves in 
watoi, the structuie xaiiishos because of the 
oiTect of the solvent in lessening the magnitude 
of the loues which hold the paiticles togethci 
In the Ik pud salt and in solution, the foice-s of 
atti action and lepulsioii which are lesponsihle 
fni the pattern of the ciystal still exist, but tliey 
have been i unsideialily weakened by othei effei tb 
such as theimal agitation ni the iiillueiice of the 
solvent 

It will he observed that no one ion is com- 
bined wdli iiiiotlici ol ike opposite kind of 
dial go in the crystal ol sodium chloiide 


This means that there are no molecules of this 
substance m the crystal This statement is 
m keeping with our hist discussion of sodium 
chloride and similar substances in Chapter 4 
Not many yeais ago, howevei , the general 
opinion was that all compounds arc composed 
of molecules, and even yet one ficquently 
heais in the chemical laboratory, oi reads 
in chemical literatuie, some statement about 
“molecules of sodium cbloiide ” When so 
used, this expression refers to one wn of 
each element — a pan oi set of ions — • and 
IS used to indicate the fact that in this com- 
pound the ions aie present in equal numbois 
There is veiy good endence, however, of the 
existence of molecules of sodium chloride in 
the vapoi, or gaseoms, state of this substance 

Review Exercises 

1 How aie X-iays piodiioed? 

2 How aie X-iay sjiectia of the elements 
pioduced? 

3 How aie the atomic nuinbeis of the elements 
cletei mined fiom the X-ray speetra of the 
elements? 

4 In what lespeots is the pei iodic system of 
the elements based upon atomic nuinbeis 
moie biiti-'lactory than the system based 
upon atomic weights'^ 

5 Wliat evidence indicates that the atoms of 
isotopes contain the same niimhei of piotons 
in then nuclei? 

0 AVIiicli ol the tollowmg statements aie tuic'' 
(ii) Chloiine has two X-iay sjiectra because 
it consists of two isotopes 
(/)) Allotioinc foims of an clomeiit ciy&tallize 
m diflei out si^stcms 

(f) Nuclei ol atoms of isotopes contain the 
same munhei of ncnti oiis 
((/) X-iays liai'e shoitei wave-lengths than 
\ isihle light 

7 How aie X-iays used to determine the struc- 
tuics of ciystals? 

8 Ex[)laiii space lattice, ciystal unit 

9 What aie foui types of ciystal stiuctuies? 

10 AVhat aie tlie units, i e , kinds ol paiticles, of 
which each type of btructiiic is composed? 

11 III what t\ IK'S 111 lattices do most metals 
ciystallizc? 
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We nay therefore conclude from these evpen- 
menls that the phosphorescent substance in 
question emits radiations which penetrate paper 
ihiit is opaque to light, and reduces silvei salts 

BECQUEBBL 


1 Introduction 

Ceilain heavy elements display the pecul- 
iar behavioi loiown as radioactivity When 
these elements undergo radioactive changes, 
they are converted spontaneously into other 
elements, at the same time, certain othci 
kinds of matter are liberated in the form of 
pai tides that can be identified because of 
diffeiences in their masses, clectiical chaiges, 
and velocities Radioactivity therefoie ap- 
pears to involve the disintegration ot ceitam 
kinds ot atoms and should, foi this reason, 
oiler excellent opportunities foi the study of 
the structuie of matter The particles lib- 
erated during the disintegration of atoms, 
for example, should thiow some light upon 
the constitution ot the atoms fiom which 
they come Fuitheimore, the liberation of 
dehnite particles of matter during radio- 
active disintegiation shows beyond serious 
doubt that mattei does exist in the corpiiscu- 
lai state. This evidence goes a long way in 
pioving the physical reality of the pai tides 
that we have only assumed to be leal in 
developing the atomic and molecular theoi les 
of matter m earlici cliapteis It is quite 
appropriate, therefore, that we should study 
radioactivity before taking up the detailed 
account of the theories of atomic structure 
and discussing the methods for obtaining 
the information upon which these theories 
have been based 


2. The Discovery of Radioactive Substances 
In 1896, Becquciel found that uranium 
compounds emit penetiatmg rays These 
lays were found to affect a protected photo- 
giaphic plate in much the same manner as 
X-rays Becquerel also found that the rays 
cause the air through which they pass to 
become a conductoi of electricity. Thi.s 
piopeity was demonstrated by means of the 
electroscope, Figure 129 In a charged elec- 
troscope the gold leaf A and the insulated 
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Figure 129. An Electrotcopa 
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support S are soparatod, because they carry 
like charges which icpel li air is passed 
over radioactive mateiial and into D 
thioiigli F, the leaves fall together, showing 
that the electioscopp loses its ehaige The 
dischaige occurs because the an that is 
subjected to the action of the rays is ionized, 

1 e., it IS made a conductor of olectiicity and 
thus is able to leinovc the clectiic chaige 
from the electroscope 

The rays from uranium compounds weie 
found to differ fiom X-rays, howci'or, in that 
they were not piodiiccd by any artificial 
means, such as the bombardment of the ma- 
terials with streams of cathode-iay pai tides 
Instead, they appealed to be emitted by 
ceitain matciials quite siiontaneously, at all 
times and under all conditions The produc- 
tion of these lays, thendou', was a peifectly 
natural process Further woik showed that 
iiianium mmeials weie more effective m 
pioducmg the ladiation than puio metallic 
uianium The mineial nraninile, oi pitch- 
blende, which IS composed chiefly of an o\ide 
of uianium, was (‘spociallv elfecLive Such 
facts indicated that these mincials contain 
one or inoio sulistances, liesides uranium 
itself, that aie active m luoducing the ravs, 
and that these substances aio moio active 
than uranium The task of discover mg the 
chaiactei ol these more active components 
of pitchblende was uiuh'i taken by Mane and 
Fieri c Cline of Fiance After the death of 
her husband, Madame Curie caincd on the 
investigation of radioactive materials alone 
Because of her success she was twice awaidcd 
the Nobel prize, once with Beequorel and her 
husliand, and once' alone 

3. Radium 

The task ol the Cuiies consisted m sepa- 
rating the various substances in pitchblende 
A ton ol 1 esidiies horn the jntchblonde mines 
of Joachiinsthal was su[)phed 1)3" the Aiistiian 
goveinmeiiL This matciial was separated 
by chemical methods ol analysis into seven 
portions During all the work of separation, 
the activities of different portions were 


closely checked and compared with those of 
other portions For this purpose the rate 
at which an electroscope is discharged by 
the radiation piodiiced by different sub- 
stances proved an effective method ol follow- 
ing the separations 

Eventually, two paits of the separated 
material were found to possess much moic 
activity than the original mateiial or any 
ol the other portions These two portions 
contained, respectively, the bismuth and 
barium of the original material It was 
known, however, that neither bismuth noi 
baiium possesses the ability to produce the 
rays. These results indicated, then, that 
the active elements were probably very 
much like bismuth and barium, since they 
had followed along with these elements dur- 
ing the chemical changes leading to the 
scpaiations In the bismuth fi action a new 
radioactive element was finally discovered 
and named polonium The active element 
of the baiium fraction was more diflhcult to 
isolate Since it evidently lesembled bai lum 
to a gieat extent, the barium was removed, 
as completely as possible, as barium chloiide 
01 bromide Assuming that the active ele- 
ment was present in this material, as an im- 
pui ity and in very small amounts, the bar iiim 
salt was dissolved in water, The water was 
then allowed to evaporate until ciystals were 
formed It was thought that the chloride 
(oi biomide) of the new element should be 
slightly less soluble than the barium com- 
pound Furthermore, the use ol the electro- 
scojic showed that the first crystals to form 
weio moic active than those that loimed 
latci tlciice, the hist ciystals weie again 
dis.solvcd, and the piocess was repeated ovei 
and over again This method ol separating 
two substances which dilfei m solubility is 
called fi actional ciijslallizalion 

Finally, there was obtained about 0 2 g 
of a substance that could not be fiiithci 
sepal ated by the method employed, and 
which, theiefoie, was judged to be pure 
The metallic portion ol this substance was 
found to be different from all other elements 



radioactivity 


It diffeied from barium, which it most closely 
resembles, in its ability to produce the same 
kind of rays as uranium It was evident, 
however, that it was not uianiiim, because its 
activity was much greater, the activity of the 
new substance was about one million times 
gieater than that of the oiigmal mateiial 
The new clement was named radium 

4 . Production of Radium 

Up to 1925, most of the ladmm pioduced in the 
world came from the mineral carnotite which was 
mined in Colorado and Utah Some 150 tons of 
ore weie required to pioduce one gram ot radium, 
which was valued at $100,000 In 1925, much 
iichei ores were found m the Belgian Congo 
More recently, Canada has become an important 
pioducei Because of the gieatei yield horn these 
souioes the puce of radium has dropped to about 
$30,000 per gram In 1940, radium was pioduced 
at the I ate of about 100 g per year, and the total 
quantity pioduced up to that time amounted to 
about one kilogiam, which m the form of ladium 
salts IS owned by umveisity and industrial lab- 
oratories, hospitals, and clinics 

5 . Properties and Uses of Radium 

Chemically speaking, ladium is not a 

veiy unusual element It lesembles barium, 
strontium, and calcium very closely Thus, 
it has a valence of 2 m the chloride CaCb, 
S 1 CI 2 , BaCb, RaCb It also acts upon 
water in the same manner as these metals 

Ca 2 HjO — ^ Ca(OH )2 + H 2 

Ra -p 2 H 2 O — ^ Ra(OH )2 T H 2 

These properties weie demonstiated by 
Madame Curie who first pioduced the pure 
element in 1910 She found its atomic 
weight to be 226 

Radium is interesting particularly because 
it emits lays similar to those first discovered 
111 the case of uranium Tins piopeity has 
been named ladioaclivily It is a property 
possessed, thciefoie, not by radium alone 
but by all radioactioc substances, including 
uiaiULim There aio many such substances, 
as we shall show later (page 250) The 


radiation which they emit can be detected 
by the following methods 

(1) The lays emitted will pass thiougli sub- 
stances which aie opaque to light lays, and can 
he detected by a photogiaphic plate which ls 
protected fiom the action of light 

(2) The rays will discliaige an electioscope, 
since they cause the an thiough which they pass 
to become a conductoi of electiicity. 

(3) The rays cause ceitain substances to phos- 
phoresce or glow Zinc sulfide is an example of 
a substance ot this kind Hence a screen coated 
witli isinc sulfide can be used to detect the rays 

(4) A pliotogiaph of a space which is supei- 
satiiiated with watei vapor and which is exposed 
to the action of radium, or some other radio- 
active substance, reveals the actual path of the 
rays as straight lines It is assumed that the 
lays cause the molecules m the space tliumgh 
which they pass to become electiically chaiged 
If, foi example, they cause a molecule or an atom 
to lose one or moie elections, a positively chaigod 
ion IS pioduced These chaiged paiticlos then 
act as nuclei about which watei condenses m 
small drops The lines levealed by the photo- 
giaph, theiefore, aie pioduced by these tiny 
di oplets of watei which foim along the path of the 
lay 

The lays emitted possess eneigy as shown 
by their ability to affect the photogiaphic 
plate, to cause zinc sulfide to emit light, and 
to render an a conductoi of electiicity 
Fiutheimoie, the emission of rays is attended 
by a libeiation of heat, one giain ol radium 
evolves 133 calories of heat pei hour These 
facts indicate that the ladium atom is a 
source of energy that is released, in part, in 
some stiange way during ladioactive dis- 
integiation Neither the change itself, noi 
the rate at which it occuis, is influenced bv 
conditions which gencially affect chemical 
action Radioactivity is not influenced by 
any known catalysts, nor does it vaiy with 
changrng temperatuie It occuis at very 
low tempciatuies at the same rate as it 
does at veiy high tempeiatuies 

-Mixtiuos cdiitaimng ladiuin conipciiuds aic 
used in making liimriious watch and clock dials 
and as coatings foi ai tides, such as light switches. 
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that must be seen in tlie dark For this puiiiose, 
zinc sulfide and some radium, compound aie 
mixed in a propoitinn of about 100,000 paits to 1 
Dial figuies made of, or containing, tins phos- 
phoicscent mixtiiie glow m the daik and thoie- 
fore aie visible 

Aside fiom piiicly Rcieniific work involving the 
study of radium and its i adiatinn, the best known 
use of the element and its compounds — llaC’b 
and RaSOi, aie most often used — is m the ticat- 
ment of malignant growths, such as cancels 
The lays emitted by ladium aie said to dcstioy 
malignant tissues without injuimg healthy, 
noimal tissues of the body This use is famihai 
to aU and claims at least some measuie of success 
m the fight of inedicme and suigciy against can- 
cel The use of ladium appeals to be most suc- 
cessful in the tieatmcnt of malignant giowths on 
the surf (ice of the body Instead of laclmm com- 
pounds, ladon (a ladioactive element resulting 
fioin the disiutegi ation of radium) is liequently 
used, this element is a gas Poweiful X-iays, 
instead of radioactive substances and then 
indiations, aie also used in ti eating ceitani 
diseases, 

6 The Kinds of Rays Emitted by Rcidioactive 
Substances 

Following the discovery of radioactivity, 
gieat interest was displayed (1) in deteimin- 
mg which c'lomeiits aie ladioactive and (2) 
in theiiatine and elfc'ctsof the ladiations that 
they emit We shall deal at tins time with 
the second ol these pioblcms 

The earliest idea of the nature of the rays 
was that they aie like X-iays and, hence, 
of the same nature as light This idea was 
soon shown to be enoneous For one thing, 
the rays wcie found to bo non-homogeneous, 
1 e , they are comiiosed of diffei'cnt vaiictics 
of rays Tluee distmet varieties were de- 
tected, and fuither study showed that two 
of these vane ties aie not like light Instead 
of being waves, oi true rays, they wore 
found to consist of lapidly moving pailtcles 
oi matiei 

The three vaiieties of rays produced fiom 
a ladioactive souicc may be separated in the 
manner shown in Figuie 130 The radio- 
active substance is placed in a depression 



Figure 130. The Separation of Alphas Beta, and 
Gamma Rays by Means of a Magnetic Field 
The poles of the magnet are located at right angles to the 
plane of the rays 

made by boimg a hole in a block of lead 
Since lead absorbs all three kmds of rays, 
only those which are emitted in an upward 
dncction emerge from the hole A small pen- 
cil, or beam, of lays is secured in this man- 
nei The beam is separated into its throe 
components by being caused to pass through 
a magnetic field, which is produced by the 
poles of a powerful electiomagnet A photo- 
giaphic plate, piopeily piotected from light, 
is placed above the block of load and the 
electiomagnet The development of this 
plate reveals the points at which the rays 
strike it. The beam of rays is divided into 
three parts One of these strikes the plate 
diiectly above the hole, this is not defiecLed 
Two other fogged spots appear on the plate, 
and one of these is displaced to a gi eater 
distance than the other These spots inth- 
catc that the beam is fuithci divided into 
two parts which are deflected in opposite 
directions by the magnetic field Since a 
beam of light is not deflected by a magnetic 
field in this manner, the two vaiictics of rays 
that are deflected cannot be of the same 
nature as light Their deflections are similar 
to those that occur for a small, electrically 
charged paiticle of any kind that passes 
through a magnetic field Their diiection of 
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deflection depends upon the kind of ohazge, 
+ 01 — , and the extent of deflection upon the 
stiength of the magnetic field, the quantity 
of charge, the inabh, and the velocity of the 
particle It is leasoiiahle to assume, theie- 
foie, that (1 ) the deflected lays are composed 
of chaiged pai tides and (2) they consist of 
two lands of particles, because the magnetic 
field deflects some of them in one direction 
and the remainder in the opposite direction 
(Figure 130) The rays that are deflected 
most act as negatively chaiged particles, as 
indicated by the diiection in which they are 
deflected, they are called beta iays, and the 
particles that compose them are beta pat tides 
Those deflected to a lesser extent, and in the 
opposite direction, are alpha rays and are 
composed of alpha pai tides 

7 . Alpha Rays 

These aie the least penetrating of all the 
rays emitted by ladioactive substances 
They aie able to pass thi'ough a few centi- 
meteis of aii oi through a sheet of aluminum 
foil about 0 1 mm in thickness The fact 
that these rays consist of particles can be 
demonstrated by means of a scieen coveied 
with a phosphoiescent substance, such as 


zinc sulfide When such a screen is placed 
neai a sample of radioactive material and 
observed by means ot a microscope, the glow 
on the scioen is seen to consist of numeious 
tiny flashes of light The fact that the entiie 
scieen does not glow indicates that the lays 
that stiike it are discontinuous in character 
Apparently, each spot of light is produced 
by the impact of a single paiticle 

8 Fog-Tracks 

The path of single alpha particles can be plioto- 
giaphed by the method used by C. T R Wilson 
A tiny bit of radium, oi some othei ladioactive 
Mihstaiice, is placed in a glass vessel containing 
ail which IS supcrsatuiated with watei vapor 
To pi event the condensation of this vapoi, the 
an must first he fieed of dust pai tides, which 
act as nuclei upon which condensation occurs 
When the air within the contamoi is allowed to 
expand quicldy into a legioii of gicatly i educed 
presMiie, it is cooled, and the watei vapoi con- 
denses Goneial condensation does not oocui, 
however The particles nliich aie emitted by 
the ladioactive substance change the molecules 
of the gases in the an which lie along then paths 
into electrically chaiged particles (ions) These 
charged particles act as nuclei oi centers of 
condensation When a photogi aph is made while 



Figure 131. Fog-Tracks of Alpha Particles 
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these changes are ocoumng, the path of each 
alpha particle is revealed by the small diops of 
watei which foim on the ions, each of which be- 
comes the center of a dioplet To obtain such a 
photogiaph, of course, the droplets must be piop- 
eily illuminated. The path of a paiticle is usually 
refeiied to as a fog-imd The iiack of an alpha 
particle is levealed as a straight line Sometimes 
a sliai p deflection m the dii ection of the track is 
observed, usually near the end of the tiack, indi- 
cating that an impact with a molecule ol the gas, 
or some pait of such a paiticle, causes the alpha 
paiticle to suffoi a change in dii ection. Natuially, 
such deflections most olteii occiii when the alpha 
particle’s energy has been almost completely ex- 
hausted by its passage thiough the an 

9. What is the Alpha Particle® 

The alpha paiticle has a positive cloctiical 
charge and acts, theieloie, as a positive ion 
This statement is based, at least in pait, 
upon the fact tliat a beam or stioam of these 
particles, when passed between two plates 
that aie electrically charged --one posi- 
tively and the other negatively - - is de- 
flected toward the negative plate in the same 
mannei that a small steel hall possessing a 
positive charge is pulled toward the negative 
plate when it is rolled between the two plates 
The deflection of the alpha pai tides m a 
magnetic held is also in the direction in 
which all positively chaiged particles aie 
deflected when they move through such a 
field 

The deflection of pax tides by eithei the 
magnetic or electrical held depends upon 
several factois, such as the stiength of the 
held and Lhc duiige, mass, and velocity of 
the pai tides It is possilile to calculate the 
mass and the chaige of a single alpha pai ti- 
de when certain information is available 
concerning the strength of the held, the 
extent of the deflection, the numlier of par- 
tides emitted by a radioactive sample in a 
definite period of time, and the total chaige 
of all the particles emitted The mass of a 
single particle has been found to be 4, as 
compared with 16 for an atom of oxygen, on 
the scale of atomic weights, Since 4 is the 


atomic weight of helium, the logical conclu- 
sion is that the alpha paiticle is an electri- 
cally chaiged atom of helium — an ion of 
helium 

It should not be difficult to verify this con- 
clusion All that IS necessaiy is proof that 
a .sample consisting of alpha particles pos- 
sesses the charactei istic properties of helium- 
Smee helium does not foim compounds, it 
IS not possible to base the comparison upon 
chemical properties Helium can be de- 
tected, howcvci, it it is made luminous (emits 
hglit) An eloctneal discharge thiough a 
tube containing helium under veiy low pres- 
sure pioduces light, which, when examined 
by the speetioscope, reveals a characteristic 
spectium Wlien a small sample of radium 
is placed in a tube and all gases aie then 
carefully pumped out, no spectrum is at 
fiist revealetl by the spectroscope because 
thcic IS no gas in the tube to become lumi- 
nous under the effect of the electrical dis- 
chaige After several days, however, the 
spectrum of helium can be obseived Since 
the only possible source of helium is the 
sample ol radium, the gas in the tube that 
pioduces the characteustic spectium of 
helium must represent the alpha particles 
produced by the dismtcgiation of ladium 
atoms The nature of the beta pai tides is 
sufficiently well known to prove that they 
could not be atoms of helium, and although 
another gas known as radon and closely re- 
sembling helium m some respects is found 
in the tube, it could not be responsible foi 
the spectium of helium Radon was once 
called mton, it is one of the radioactive ele- 
ments (page 250) 

10. Beta Rays 

These rays appear to consist of negatively 
charged particles They aio absoibed by 
sheets of aluminum ol about 1 mm m thick- 
ness They travel with much greater veloci- 
ties, on the average, than alpha particles, 
and the velocity vanes with the source of the 
particles. Sometimes it is almost as great 
as the velocity of light (186,000 miles per 
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second). These rays are deflected by elec- 
tiical and magnetic fields, but in the opposite 
direction, of couise, fiom the deflections of 
alpha rays The mass of the beta paiticle 
IS a little less than 1/1800 of the mass of the 
hydiogen atom It cannot be an atom of 
some iinloiown element, because there is no 
place foi such an element in the periodic 
table. Fuithcrmoie, the beta particle does 
not act as an atom does in chemical changes, 
the change that occuis ivhon a beta paiticle 
combines with an atom involves only the 
electi ical charge of the atom — the atom 
becomes an ion It is an electron, and al- 
though it acts as a paiticle of mattei, it must 
also be looked upon as a unit of negative 
electi ical chaige, because all negative charges 
are multiples of its chaige Positive charges 
are also multiples of the electron’s chaige, 
but they diffei in the “sign” oi character of 
the chai go The electi on is discussed fui ther 
in the next chapter It is now thought that 
beta pai tides aie emitted during radioactive 
charges when neutions are converted within 
an atomic nucleus into pi otons and electrons 

I I. Gamma Rays 

These are the most penetrating of the 


rays emitted by radioactive substances, 
they pass through thin sheets of metals 
almast as leadily as light passes through 
glass Rays of the same properties are pro- 
duced ui the modern X-ray tube The pi o- 
duction of gamma rays by ladioactive ele- 
ments appeals to be associated with the 
liberation of beta particles It is possible 
that, in the disintegiation of an atom of one 
of these elements, a neutron is converted 
into a proton and an election, and that, at 
the same time, a definite quantity of energy 
IS leleased as gamma radiation It has also 
been suggested that gamma rays are pio- 
duced when elections and positions (positive 
electrons) leact and are conveited into 
radiant eneigy 

1 2. Radioactive Elements 
Radioactive change was explained by 
Soddy and Rutheifoid, in 1902, as a dismte- 
giation of atoms This was a i evolutionary 
idea, since atoms had been coiibideied, since 
the time of Dalton, as the ultimate foiins of 
matter The evidence supporting Soddy's 
and Rutherford’s explanation is so convinc- 
mg, however, that theie is little doubt of its 
conectness 



Figure 132 TrcinsformoHon Series of fhe Uranium Family 
(The upper iiumber in each circle is the atomic mass, the lower, the atomic number Below eoch 
circle IS the name and the “half life" of the corresponding element) 
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We have aheady stated that radon is 
produced at the same time that alpha pai’ti- 
cles are libciated by radium atoms. As far 
as we know, these are the only products of 
the radioactivity of this element, puie 
radium does not emit any beta particles 
After a time, howevei, beta particles aie 
piodiiced, indicating that the ladioactivity 
of ladium produces othei radioactive sub- 
stances that do emit beta rays The exist- 
ence of those elements is pioved by the de- 
position of metallic substances upon the 
walls of a vessel containing radon, which is 
of course a gas These metals also aie 
ladioactive; they change from one clement 
to another in much the same mannei that 
ladon is produced from ladium They can- 
not b(' separated oi studied veiy easily, be- 
cause they exist lor only short peiiods of 
time. They are, howovoi, produced contin- 
uously as long as the starting material lasts 
Some infoimation as to the number and 
nature of these substances can be obtained 
by obsciving the kinds of particles emitted 
and then velocities Some elements emit 
alpha particles and some beta, and the 
speed of the particles and their range in an 
vary with the radioactive element producing 
them. Thus, the alpha particles emitted by 
the atoms of any one radioactive element 
possess the same maximum velocity This 
is not tiue of the beta paiticles, although 
their velocity, m general, vanes with their 
source, i e , the average velocity of beta 
particles from one element is different fiom 
that of beta paiticles from another element 
Hence, obseivation of the appearance of pai- 
ticlcs traveling Irom the radioactive souicc 
with a velocity difleicnt from that formeily 
observed, indicates the appearance of a new 
radioactive element 

All minerals that contain compounds of 
uianiLim also con tarn compounds of radium 
In all those mineials the ratio of uranium to 
radium is constant — about 3,000,000 to 1. 
This ratio indicates that radium is produced 
from uranium at a veiy slow rate, if the 
charge were rapid, all uranium would have 


disappeared from the earth long ago Fur- 
thermore, if all the ladium is extracted from 
a mineral containing uranium, no appreciable 
quantity of radium is produced again within 
the hfetime of man The radium that has 
accumulated in these minerals has been pro- 
duced over a period of time that began when 
the minerals, or uranium itself, made then 
appearance as a part of the earth's crust 

Radium is not produced directly from 
uianium A study of the particles emitted 
from minerals containing both of these ele- 
ments indicates that there are four other 
radioactive elements between them; foiii 
other elements are produced before radium 
is formed 

Uranium I — y Uranium Xi — >- 
Uranium X 2 — >- Uranium II — >- 
Ionium — y Radium — >- 

In all, there are fourteen known radio- 
active elements m the series that begins with 
uianium and includes ladium, Figure 132 
If we start with a sample of pure Uranium I, 
some of its atoms change immediately, 
others are unchanged after a long peiiod of 
time The me) age life of an element refers 
to the average length of time that atoms of 
that element endure before they are changed 
into the next membei ol the sciics 

Ihom an inspection oi Table 9 , one finds that 
most of the elements above radium decompose 
slowly, wlule those following it decompose very 
rapidly The production and decomposition of 
ladium is somewhat sunilai to the flow of watei 
into and out of a leservoii Radium may be 
compaied to a leseivoii into which watei pouis 
moic slowly than it leaves Hence only smiill 
quantities of the element can ovci be picscnt 111 
the earth. In a given mateiial, such as a sample 
oi an me of uianium, the diiteient elements reach 
a state of ladioactive equilibrium 111 which each 
IS pioduced at the same late as it decomposes 
Tiet us compaic the elcmeiils to a senes of ve.ssels 
auaiiged one above the other Water flows into 
the top vessel at a constant rate It leaves this 
vessel thioiigh a small opening at the bottom and 
flows into the next The openings m the bottoms 
of the different vessels vary in size and, in this 
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The Uranium Series of Radioactive Elements 


1 

Element 

Periodic 

Family 

Atomic 

Weight 

Average Life 

Half Life 

Particle 

Emitted 

Uranium 1 

6 A 

238 

6 43 X 1 0® yrs 

4 4 X 1 0® yrs 

a 

Uranium Xi 

4 A 

234 

35 days 

24 5 days 


Uranium X 2 

5 A 

234 

1 7 min 

1.1 4 min 

P 

Uranium 11 

6 A 

234 

4 3 X 1 0® yrs 

2 X 1 0e yrs. 

a 

Ionium 

4 A 

230 

2X10® yrs 

8 X 10'‘ yrs 

a 

Radium 

2 A 

226 

2295 yrs 

1 590 yrs 

a 

Radon 

0 

222 

5 6 days 

3 82 days 

a 

Radium A 

6 B 

218 

4 mm 

3 05 min 

a 

Radium B 

4 B 

214 

38 5 min. 

26 8 min 

/3 

Radium C 

5 B 

214 

28 min 

1 9 7 min 

P 

Radium C' 

6 B 

214 

1 X 10~®sec 

1 0~® sec 

a 

Radium D 

4 B 

210 

27 yrs. 

22 yrs 

p 

Radium E 

5 B 

210 

7 days 

5 days 

p 

Radium F 

6 B 

210 

202 days 

140 days 

a 

Lead (Radium G) 

4 B 

206 



1 


respect, are oompaiable to tlie latcs of decomposi- 
tion of the different elements. After a time the 
watei in each, vessel will maintain a constant level 
The quantity of water in any one vessel depends 
upon the size of the opening by which water 
leaves that vessel Similaily with the ladioaotive 
elements, the quantity of a given element iii 
radioantive equilibrium with the other elements 
of the series depends upon the late at which the 
atoms of that element decompose This rate is 
expressed as the average hie or half-Me peiiod 
of the element 'rhe half life of an element is the 
time requiied foi one-half of a given weight of an 
element to undcigo dismtegi atioii 

The aveiage life of radium is only of moderate 
length. Its rate of decomposition is slow enough 
to permit an appieciable quantity of the element 
to be formed, and at the same time rapid enough 
to cause it to display pionounced and easily de- 
tected radioactive effects It is for these rea.sonh 
that radium is the best knoivn of the radioactive 
elements 

In addition to the radioactive elemonts 
listed in Table 9, theie are two othei senes, 
these aie designated as the actimum and the 
ihonum senes The dibintegiation in each 
of these senes produces elements that, in 
general, conespond to members of the ura- 
nium senes In the actinium senes, for ex- 
ample, actinium is produced instead of 


radium, actinon instead of ladon, actimum 
A instead of ladium A, and so on Hence 
all three senes follow the same general couise 
of disintegiation 

13. Radioactivity and the Periodic System 
Accepting the explanation of Soddy and 
Rutherford concerning the natuio of ladio- 
active change, one must conclude that the 
emission of either an alpha or a beta particle 
fiom an atom lesults in the production of a 
new kmd of atom Since the atomic weight 
of hehum is 4, the loss ol an alpha paiticle 
must mean a deciease of foui units in atomic 
weight Thus, the atomic weight of ladium, 
as detei mined bv Madame Cuiie, is 226 
Since radon is pioduced from ladium by the 
ejection of one alpha particle fiom an atom 
of ladium, the atomic weight of ladon should 
be 222 Wo may assume that radon is a 
monatomic gas, like all the well-known mem- 
bers ot the senes to whicli it belongs Tlie 
atomic weight might be deteimmed, there- 
toic, if the weight of a small volume of tlu' 
gas could be measuied This deteimmation, 
however, is difficult because only extremely 
small amounts can be obtained Su William 
Ramsay, in 1909, weighed a very small vol- 
ume on a specially constructed balance and 
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calculated the weight ol 22 4 liters (under 
standard conditions) as about 223 giams 
Consideiing the somces of enor and the 
difficulties involved, this value was very- 
close to the expected i esult, 222 It appeared 
certain, at least, that the disintegration of 
the radium atom involved the ejection ol 
only one alpha paiticle 

Let us lefer to the list of radioactive ele- 
ments of the uranium series on page 250 
Assuming that one alpha particle is ejected 
at a time, it is observed that a total of eight 
particles is lost as an atom changes from 
uranium I to the end product (radium G) 
Since uranium has an atomic weight of 238, 
this means that the clement at the end ol 
the senes should have an atomic weight ol 

238 - (8 X -1) = 20() 

The element liavmg an atomic weight 
neaiest 2 OC 5 is lead Ordinary lead that is 
not associated with ladioactivc elements, 
howevci, has an atomic weight of 207 2 
Richards was able to show that the atomic 
weight of the lead obtained from minerals 
containing uranium, and which might have 
been pioducod by radioactive changes, was 
always between 20G and 207 and appioachcd 
200 It appeals, then, that the element at 
the end oi the uranium series is lead Al- 
though this clement has a dilCeient atomic 
weight, its geneial properties are those of 
lead Similaily, the lead that is associated 
with thoiium has an atomic weight that is 
always greatei than 207 2 and appi caches 
208 The changes in the thorium senes from 
one element to another call for the loss of si\ 
alpha iiarticles Since the atomic weight of 
thorium is 232, ilu' atomic weight of the ele- 
ment at the end ol the senes should be 208 
Riehaids’s results con filmed this expectation 
Thiee kinds ol inactive lead thus appear to 
exist in nature Since all thieo have the 
same general properties, they must occupy 
the same position m the periodic system 

The ejection of a beta particle during the de- 
composition of an atom does not produce any 
change m atomic weight although a new kind of 


atom IS foimed The weight of the electron is a 
very small portion of the weight of the entire 
atom fiom which it is expelled. On the usual 
scale of atomic weights, its weight is only 0 00055 
as compaied to the atomic weight of oxygen as 
16 The loss of this small mass by the atom of 
uiamum Xi, foi example, means that the atom 
of uianium X 2 , which lesults, has an atomic 
weight of only 0 00055 ol a unit less than that ol 
uranium Xi Since this is a loss ut only 0 00055 
unit fiom a total mass of 234 units (the atomic 
weight of manium Xi), it is beyond the limits of 
accuracy of the usual methods of determining 
atomic weights As a mattei of fact, there is no 
loss m mass at all The ejection of the beta 
paitiele leaves the atom of uiamum X 2 witli a 
positive charge If it endures long enough, it 
soon attracts and acciuiies an electron that enters 
its stiuctuie, thus, the atom of uiamum Xi be- 
comes a mutral atom of uiamum Xj, which 
possesses a mass identical i?ith that ol the atom 
horn which it was foimed The fact that a dif- 
ferent kind of atom does lesult, however, indicates 
that the electron which is acquired enters a 
different poition of the atom’s structure than 
that fiom winch it was ejected 

The different elements of the uranium 
seiies occupy positions m different groups of 
the periodic system Thus, uiamum belongs 
to gioup SIX, ladium to gioup two, radium B 
and radium D to gioup foui, ladon to the 
zero group, and so on A study of Figure 133 
reveals a very definite relationship between 
the shift from one group to another and the 
kind of paiticle emitted as this change occurs 
It appears that the loss of an alpha particle 
bhilts the position ol the clement back two 
gioups in the periodic system The ejection 
of beta particles produces an element that 
lies one gioup ahead of the element which 
undergoes the radioactive change Thus, 
ladium in gioup two loses an alpha jiaiticle 
and IS changed to radon of the zero group 
The atom of radium B (gioup four) loses a 
beta paiticle and is changed into an atom 
of radium C that belongs to group five 
It thus becomes apparent that elements, 
such as radium B and ladium C, which have 
the same atomic weight, do not necessarily 
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possess the same propeities and do not fall 
into the same position m the periodic gtoup- 
ing of the elements We have already 
pointed out, moreover, that theie are three 
isotopes of lead To these we may add 
ladium B (atomic weight 214) and radium D 
(atomic weight 210), and also, coiicsponding 
elements of the actmium and thoiium soiies 
(see page 252) All these elements exhibit 
the chaiacteiistic piopeities of lead, although 
they ihffer consideiably m atomic weights 

1 4 Isotopes 

Seveial gioups of isotopes can be obseived 
m Figure 133 These possess almost identi- 
cal chemical piopeitics but diffei m atomic 
weight Among such gioups, the most 
pi eminent consists of the diftercnt elements 
m group foul which possess the pioperties of 
load and to which we have called attention 
111 the preceding section Another group con- 
sists of the tliiee emanations, ladon, thoron, 
and actmon, all of these aie inert gases In 
the periodic system all the elements of any 


one of these gioups must occupy the same 
position, 1 e , they all fall in the same vertical 
gioup and the same hoiizontal row Foi 
this reason, Soddy suggested that elements 
which possess the same chemical propeities 
but have dihercnt atomic weights should be 
called isotopes (same position in the periodic 
table) 

1 5. Radioactivity and Atomic Structure 

Radioactivity is a loropei ty of cei tarn ele- 
ments, which in other respects closely le- 
semble other elements and act in a perfectly 
natuial manner both physically and chemi- 
cally Any light, theiefoie, which radio- 
activity thiows upon atomic structure may 
be applied to the atoms ol all kinds of 
elements 

Since ladioactivity involves atomic de- 
composition, we must look foi its explana- 
tion m conditions, within the atoms, which 
pioduce an unstable situation and which 
lesult in the ejection of eeitain paits of the 
atom in order that the parts remaining may 
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attain greater stability All the facts that 
we loiow concerning radioactive changes in- 
dicate that the atom is composed of a num- 
bei of stiuctural units We obtain direct 
evidence in favor of this idea when we 
obseive the emission of alpha and beta 
paiticles fiom the atom This leads to an 
entiiely dillerent pictuie of the atom than 
that provided by Dalton’s atomic theory 
Dalton pictured the atom as a compact, solid 
paiticle It now appears that the atom is 
composed of seveial smaller paiticles, all of 
which aie intimately i elated and ai ranged 
in a more oi less stal )lc group Fui thei more, 
the atoms of any one clement do not contain 
necessaiily the same number of particles, 
as shown by the fact that their masses may 
be diffeient. This idea, too, is contrary 
to the cai her atomic theory, because Dalton 
assumed that all the atoms of any one ele- 
ment aie exactly alike in eveiy respect The 
discoveiy of the isotopes of lead and of othei 
elements proved this assumption to be 
erioncous 

Altliough it has shown that al,oms aie not 
what we once thought them to be, inf oi mix- 
tion conceinmg radioactivity has probabh 
done moie than any othei one discoveiy to 
make atoms and molecules ical to us There 
can be no doubt that the foims of mattei 
libeiated duiing ladioactivc changes aic 
coipuscular in chaiactci The observation 
of the path ot a single alpha paiticle m a 
photogiaph seemed by Wilson’s fog-tiack 
method, oi of the tiny flash of light that the 
impact ol the paiticle produces on a jihos- 
phoicsccnt screen, is an observation ol an 
atom ot helium m ad, ion The atom that 
piodiiccs the fog-track and causes the tiny 
flash of light IS a physical reality It is as 
leal as an unseen bullet that leaves indisput- 
able evidence of its existence when it strikes 
an obstiuction in its path 

The discovery of the radioactive property 
of ceitain elements has had the following 
effects upon atomic theory 

(1) It has stiengthened the atomic concept of 


mattei by demonstrating the physical reality of 
the corpuscles of which matter is composed. 

(2) It has modified our concept of the atom by 
showing that the particles of the elements possess 
structure They aie not simple, compact bodies 
but are made up ol smaller units of diffeient 
kinds of mattei 

(3) It has shown that all of the atoms of an 
element are not necessarily alike In doing so it 
has revealed the error of Mendeleeff’s periodic 
law by showing that the properties of an element 
aie not peiiodic functions of the atomic weight 
In fact it shows that the atomic weight of an 
element, in itself, has nothing to do with the 
pioperties of the element, since it is apparent 
that some elements with different atomic weights 
possess the same properties and that other ele- 
ments of the same atomic weight possess different 
piopeities 

Because of such far-reaching effects upon 
oui ideas of atoms and matter in general, 
the discovery and study of ladioactivity has 
acted as a powerful influence in directing and 
encouraging investigations of the stiucture 
ot the atom As we have already shown, it 
was not even supposed that atoms possess 
stiucture until alpha and beta particles were 
lecogmzed as disengaged paits of certain 
kinds ot atomic systems Natiually, the dis- 
covery ot radioactivity and the properties of 
the radioactive elements encouraged at- 
tempts to liberate alpha and beta, oi similar, 
paiticles from othei atoms and to determine 
how they are aiianged inside different kinds 
of atoms If this could be done, it was 
hoped that the physical and chemical be- 
havior of the atom could be explained How 
successful these attempts proved and the 
discoveries to whicli they led will be the 
subjects of thscusbion in the next chaptei 

Review Exercises 

1 What changes in oui ideas about atoms have 
resulted from the discoveiy of radioactivity'’ 

2. What happens to an atom which undergoes 
ladioactive disintegration? 

3 What is the nature of each of the three kinds 
of radiation emitted by the radioactive ele- 
ments? 
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4 How can alpha and beta particleii be de- 
tected? How are they able to penetrate 
matter? 

5 IIow do the positions (iii the penodic tabic) 
of the elements r^hicli emit alpha pai tides 
differ from those resulting fiom the emission? 
Explain 

6 Answer as m (5) for the elements which eimt 
beta particles and the elements lesulting fiom 

■V 

emission 

7 What aie isotopes? Explain the atomic 
weights of approximately 206 and 208 whidi 
some samples of lead possess How should a 
value between 206 and 207 be iiitei preted? 

8 What pel sons have been closely connected 
with the discoveiy, mteipictatioii, and ex- 
tension of our knowledge of radioactnity? 

9 How IS radioactivity diffeient from oidmaiy 
physical changes'^ How is it like and how 
IS it diffei ent from chemical changes? Should 
it be classified as a physical oi as a chemical 
property? 

10 If laclium sells for 830,000 pei giain of metal- 
lic radium, what will 2 g of radium cliloiide, 
EaCh, cost? Assume that the cost depends 
only upon the ladiiim content 

11. Approximately what weight of ladmm is con- 


tained m a sample of ore that contains 1 g 
of m allium? 
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THE STRUCTURE OF MATTER 


To delerimne whcthei the meUds he capable of 
being decomposed and composed is a guind 
object of true philosophy 

SIE HUMPHRY DAVY 


1, Introduction 

We shall be conceined, primaiily, in this 
chapter with such quchtions as the following 
Aie elections, protons, and neutions real’ 
And it they au^, wliat u'asorus can wc find 
to jubtity oui acceptance' ol their leality’ 
What facts indicate tlint an atom has a 
nucleus, and that elections move around it 
in orbits''’ How can wc detcimino the 
numbers of electrons m the diffoient groups 
01 levels'i* In Cdiaptei 4 we described the 
cuiient views ol atomic structuie, but wc 
did not attempt to answer these ciuestions 
We must now attempt to explain the evi- 
dence u]ion which theories of stiuctiire rest 
and the experimental methods that have 
been used in collecting this evidence 

Whatever ideas we may have concernmg 
the structures of atoms must arise from de- 
ductions based upon the characteristic be- 
havioi, not of single atoms, but of observable 
quantities of different loiras of matter 
These deductions arc somewhat simiUu to 
those that we might make if we were to 
watch the opeiation of a machine whose 
innei paits we could not sec tVe should 
observe the machine and its opeiation from 
all angles and under all jiossible conihtions. 
We should attempt to determine what was 
going in and what was coming out of it 
We should study the manner in which energy 
was being supplied to the machine, and 
carefully observe the a,ction of every visible 
part of the mechanism for using or convert- 
ing this energy. From our observations we 


should select the most likely conclusion as 
to how the machine was put togethei and 
how it operated If we wished to explain 
our conclusion to anothei person we should 
piobably draw a pictiue or construct a model 
showing the parts of the machine in relation 
to one anothei We have attempted to 
follow the same procedure with atoms, but 
the pioblem is somewhat differ out We can 
at least see the machine, although we may 
not see inside it If we were to use the 
most powerful microscope, the atom would 
still have to be gieatly magnified before it 
could be seen Ncveitheless, we have tiled 
to apply the same piinciples of mechanics 
to the atom that we apply to matihines, and 
in keeping with these principles we have at- 
tempted to build models and to draw pic- 
tures of theoictical atoms by which the struc- 
tuie and behavior of leal atoms can be ex- 
plained 

In constructing atomic models our deductions 
conceunng structuies have been based upon ob- 
seivations, not of indii'idual atoms, but of mailer 
in the bulk We have mterpietcd these oliseiva- 
tions, howevei, as detactiiig tlie lieliavioi oi 
mdindual atoms Oui somces of infoiniation 
include the following (1) The chemical pi oiieitios 
of ditteient kinds of atoms, (2) physical piopei- 
ties, (3) ladioactivity, (4) the poiiodic system, 
(5) the spectra of the elements, and (6) the effects 
of bombardments by alpha and beta pai tides 
Thus, we can observe the wave-lengths (or colors) 
of light that atoms of a certain element emit and 
absorb, we can observe the particles that they 
eject if the element is radioactive; we can de- 
257 



258 


THE STRUCTURE OF MATTER 


termine their behavior when struck by rapidly 
moving particles; we can detciniine then chemical 
properties, such as valence, and their physical 
propel ties, such as density, boiling point, and 
solubility, and we can note the position that the 
element occupies in the pei iodic system By 
reasoning back from ettects to then causes, we can 
infer and deduce the charactei of the atomic 
stiucture that should give use to the obseived 
behavior When this has been done, the usual 
ptocediiic 15 to attoinjit to visualize all the paits 
of this stiuctuie and to set up a mode) that shows 
how these paits move, how they are lelated, and 
how they npeiate to piniluoo the etiects winch 
we have obseived The models are based, of 
course, upon the oidmaiy system of mechanics, 
and it IS only to be expected that such models 
should fail, peihaps not entnely, but eeitaiuly 
m some details It is impossible to use oidinaiy 
measuimg devices, such as stop watches and 
meter sticks, m determimng the velocities and 
positions of diffeient particles within the atom. 
If time and distance cannot be measuied inside 
tlio atom, it IS peihaps unwise to think of them 
as having any meaning Oidmaiy mcoliamcs le- 
quiies us to use tliera, and consequently may be 
a somewhat unsound basis foi deduction and in- 
terpietation of atomic phenomena Develop- 
ments in the field of atomic physics during recent 
years bear out this view and show that oichnary 
mechanics fads completely in dealing with many 
featuies of the behavioi of atoms It is not 
applicable, theietore, to atomic systems, although 
it IS well suited to dealing ivith ob.seivable me- 
chanisms As a result, a new system ot '■ atomic 
mechamos” is gradually leplacing the old method 
of dealing with the problem 
Meantime, wc must admit that no theory of 
atomic structuie yet piesented is adequate 
The piesent is a time ot changing points of new, 
of development Tlieie is as yet no polished and 
umvei sally accepted theoiy The final outcome 
cannot now be foietold Consequently, the news 
presented m tins chapter aie to be regaidcd as 
what are or have been consideied good woiking 
hypotheses of atomic structuie The value of a 
theory, after all, lies in the stimulation and guid- 
ance winch It provides foi fmthei seaich aftei the 
truth The best of theoiies is destined to he out- 
grown, but m outgrowing it, man must come a 
little nearer the ultimate solution of the piohlem 
which the theory attempts to lesolve 


THE ELECTRON 
2 . Cathode Rays 

The beta pai tides emitted by the radio- 
active elements are electrons Identical 
paitmles can also be bbeiated hom otliei 
elements We have no control over then 
emission by ladioactive elements, but from 
other sources, the pioduction of elc'ctions 
can be brought about by artificial moan.s 
and can be controlled Tu-ated m tlm 
pioper mannei, evciy element oi any of it,s 
compounds, will libciate pailides that aio 
exactly identical with the beta jiartides 
emitted by a ladioactive clement 

One method often used to lilioratc elec- 
tions involves the use ol the catlwda-iay tube, 
Figiue 134. Two wiies, connected on the 
outside to a somcc ol cleetneal potential 
(voltage), aie sealed into the tube, which is 
evacuated by puminng out the aiv, or olher 
gas, until the losidual pmsbUic m cvtieniely 
low Under these conditions, an electneal 
dischaige occuis acio.s,s the low-picssiue 
space between the anode and catliode 
During this discharge cathode rays aie jiro- 
diiced. These rays appear to travel m 
straight lines from the cathode, and cau.so 
the walls of the tube, where they sti ikc, io 
glow They can also be detected, or demon- 
stinted, by placing a piece of metal foil m 
then path within the tube, the toil bocomc.s 
hot if the rays stiikc it They also cause a 
small pm-whecl to revolve, if such a device 
IS placed m then path A metallic object 
placed m the path of the rays casts a shadow 
upon tlic walls of the tube opjiosite the 
cathode If a small pencil, or Imam, of rays 
is selected by meams of a ,slit m im obstruct- 
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mg screen, this beam is deflected when it 
passes thiough a magnetic or an electrical 
field The charactei of the deflection is the 
same as that suffered by any negatively 
charged paiticlc m passing thiough such 
fields In short, the properties of the 
cathode rays can be explained most satis- 
factmily bv assuming that they consist of 
streams of cxticmcly small negatively 
charged ]iai tides of matter 

3. The Mass and Charge of the Electron 

The velocities of the pai tides composing 
cathode lays vaiy with the voltage between 
the terminals of the tube Because of differ- 
ences in velocity, diffeient pai tides aie de- 
flected to diffeient extents upon passing 
thiough magnetic and electiical fields The 
deflection of a pai tide depends also upon its 
mass, its chaige, and upon the strength of 
the electiical or magnetic field that deflects 
it A pai tide which is unchaiged is not de- 
flected A chaiged pai tide traveling with a 
high velocity will be deflected less strongly 
than one of the same mass and charge but 
which IS ti aveliiig more slowly For pai tides 
ot dilferont masses and diffeient chaiges, 
but the same velocity, the most massive and 
the most lightly charged particles aic de- 
flected least 'The situation is veiy much 
like that ol a bullet (iiccl fiom a gun in a 
direction parallel to the eaith’s suifacc 
The deflecting field hcie is the giavitational 
field of the caith, which causes the bullet to 
desciibe a curved, lathei than a straight 
path, and eventually to stiike the eaith 


Whatever mass the bullet has, the greater 
its velocity, the greater is the distance that 
it travels before it strikes the earth 

By observing the deflections of cathode- 
ray particles m electiical and magnetic 
fields of known strength, one should be able 
to arrive at some definite conclusions con- 
cerning their velocities, masses, and charges 
Sir J ,1 Thomson was thus able to determine 
the velocities of these particles Knowing 
the velocity and the strengths of the de- 
flecting fields, he was able to draw lather 
definite conclusions about the mass and 
chaige of the cathode-iay particle He did 
not determine the absolute values of the 
mass 01 the chaige, he was able to determine 
only the ratio ot the particle’s chaige, e, to 
its mass, m He found that e/m = 1 77 X 
10’ emu pel gram The abbreviation emu. 
represents the elect) omagnelic uml, which is 
one of the units used by the physicist to 
express electiical chaige 

To doteiimnc the absolute value of the mass, 
it would be necessaiy to know, oi to deteimme, 
the value of the election’s charge, c Now the 
latio, e/ni, lo\ the charged atom (ion) ol hydiogen 
is known Whenever 1 gram-atomic weight 
(m= 1.008 g ) of hydiogen is liboiated by the 
electiical cut tent, the quantity of eleotiicity con- 
sumed is 90 .040 units (called coulomb, s) This i.s 
used to iieutiahze the charges on all the hydrogen 
ions 111 one gram-atomic weight, and is theiefoie 
the quantity of electiical chaige associated with 
this weight ot hydiogen Since 1 electiomagnetic 
unit IS equivalent to 10 coulomlis, this chaigc 
amounts to 9054 e m u foi 1 008 g of hydiogen 
This means then that the latio e/m foi hydiogen 
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Figure 135 The Cathode-Ray Tube 

Thomson used a tube of this kind to determine the ratio of the electron's charge to its moss A A is the electrical 
field, M IS the pole of □ magnet, B is the slit system by which a pencil of rays is selected, O is the point at which the 
undeflected rays strike the walls of the tube, and X the point at which deflected rays strike C is the cathode 
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is 9654/1 008 Sir J J Thomson assumed that 
the hydiogen atom, when charged, possesses the 
same quantity of positi\e chaige as the electron 
possesses ol negative charge That is, 


e (electron) = e (hydrogen) 
e/m (electron) = 1 77 X 10’ e m u per giam 
9654 

e / m (hydrogen) = "" 9578 emu per gi am 


Since the values of e aie the same, the latio of the 
mass of the hydrogen atom to the masb of the 
electron is 1 77 X 10’ 9578 Hence the mass of 
the hydrogen atom roust be about 1845 times 
greater than the mass of the electron 


4 Millikan's Determination of the Electronic 
Charge 

Many attempts have been made to meas- 
uie the chaige of the election That ot 
Milhkan is probably most significant He 
obseivecl a dioplet of a lupiicl between two 
electrically chaiged plates When the plates 
were not chaiged, the dioplet fellundei the 
influence of gravity Whoa the plates weie 
charged, the velocity of the drop was altered 
Sometimes, it fell more rapidly, this meant, 
of course, that the chaige on the drop was 
opposite (in sign) to the charge on the lower 
plate Sometimes, the diop lose instead ol 
falling, indicating that the chaige on the 
dioplet and that on the lowei plate were 
ol the same chaiactei, i e., both weie posi- 
tive Ol both were negative Electrons and 
positively ciiaiged pai tides weio piodiiced 
between the plates by means of a beam of 



Figure 136 Millikan's Apporatus 
The drop entered the space between the charged 
plates^ from the small chamber obove, through a tiny 
opening 


X-iays If the droplet absorbed an electron, 
when the lowei plate was positively charged, 
its fall was acceleiated But if the lower 
plate was negatively charged, the velocity 
of its fall was deci eased If a sufficient 
numbei oi electrons weie absorbed to bal- 
ance exactly the gravitational force, the 
droplet stood still It a still gi eater number 
of elections weie absoibed, the dioplet 
moved upwaid In any event, the change 
in velocity produced by the absorption of the 
elections oi positive particles was propor- 
tional to the change in the chaige absoibed 

Milhkan found that all changes of velocity 
wcie multiples ot a certain minimum change, 
which coiiesponded to the absoiption of a 
unit chaige Other changes, theicforo, were 
pioduced by the absoiption of chaigcs which 
were multiples of this unit He thus demon- 
stiated the “atomic” charactei of electiical 
ehaige as cleaily as the law of multiple jno- 
portions leveals matter as acting m atomic 
quantities By considenng the velocity oi 
the diop, its mass, the strength of the gravi- 
tational field and of the elcctiical field, and 
the viscosity of the air thioiigh which thi' 
diop moved, Milhkan was able to calculate 
the quantities of charge on diffeient drops 
The smallest charge detcimincd by these 
calculations lepiosents the chaige of the 
clecfi on This value was found to be 1 59 X 
10”’“ (electromagnetic units) Since the 
latio oi the election’s chaige to its mass is 
known to be 1 77 X 10’, the electron’s mass 
can be calculated This turns out to be 
9 X ]0~’®giam 

A numbei so small as the mass of an elec- 
tion can best be expiessed by using negative 
exponents, e g , 9 X 10~”* This system is 
explained it we oompaie it with the well- 
known plan ot wilting laige numbeu's as 
smaller numbei s squaied, cubed, etc 10 = 

1 X 10; 100 = 1 X 10“, 1000 = 1 X 10“, 700 
= 7 X 10’, 0 1 = 1 X 10-1, 0 01 = 1 X 10-’, 
0 001 = 1 X lO'” 

5 Avogadro's Number 

We have alieady shown that the mass of 



261 


PROTONS, NEUTRONS, AND POSITRONS 


the hydrogen atom is 1845 times that of the 
electron We can theicfoie calculate the 
mass of a single hydiogen atom as 1845 X 
9 X 10“^® giam oi 1 66 X g The value 
now accepted is 1 674 X 10'^'^ g The weight 
of a molecule of hydiogen is twice this 
weight. 01 3 348 X 1 g The niimhei of 
molecules of hydrogen in a guim-raolecular 
weight is 


2 016 g 

3 348 X g 


= 6 02 X 10'* 


This IS the number of molecules in a giam- 
moleculai weight of any substance, and 
also the number of atoms in the giam-atomic 
weight of any element The value of Avo- 
gadi'o’s niimbei that is now regarded as 
most neailv acouiate is 6 0228 X 10" 


6 Other Methods Used to Liberate Electrons 

from Matter 

Elections aie emitted liy ccitain metals, 
or their compounds, under the influence of 
heat This may be spoken of as the thermal 
emission ol electrons Thus, the filament of 
the radio tube is heated by a ciuient of olec- 
tiicity to a tomiieraf.iiie at which it, oi some 
material with which it is coated, emits 
elections These elections stream acioss 
the space within the tube in the diiection of 
the jiositively chaigcd elec ti ode, or plate, 
thus constituting a flow of curicnt This 
IS similai to what haiipens when a cuiient 
flows through a wiie, in which elections pass 
through the condiictoi, just as they flow 
through the evacuated region in the tube 
But we are not to think of elections as flow- 
ing thioiigh a wiic as water flows thioiigh a 
pipe Insircad, we should think ol them as 
passing fiom atom f,o af,om Wflien electrons 
enter one end ol the wite, others escape at 
the other end The lesistance of the wire 
IS determined by the ease with which the 
atoms composing it allow elections to be 
passed from one to the next 

Elections are also emitted by the action 
of radiation of one kind oi another upon ele- 
ments or their compounds. Visible light 


causes very active metals, such as sodium 
and potassium, to emit elections Ultra- 
violet light has the same effect upon certain 
other elements, while X-iays liberate elec- 
trons from all forms of mattci Electrons 
emitted m this manner are called photo- 
electrons Other methods of liberating elec- 
tions horn different forms of matter need 
not be discussed heie 
Whatever then source or whatever the 
method by which they are hbeiated, elec- 
trons aie identical Thi,s fact, coupled with 
the tact that they can be liberated from any 
kind of atom, indicates beyond serious doubt 
that they are parts of all atoms The pioli- 
lem of atomic structure, therefore, must 
deal with the numliei ot electrons and then 
arrangement in the atoms of different kinds 
of elements 

PROTONS, NEUTRONS, AND 
POSITRONS 


7. Protons 

Since atoms are oidmarily electrically 
neutral, it is evident that there must be an 
electrically positive coimterjiait ot the 
election On hist thought we might con- 
clude that this IS the alpha particle, which 
caiiies a positive chaige, and which is 
ejected from the atoms of certain radio- 
active elements It is probably tiue that 
the alpha particle is one positively charged 
unit that is found in the stiuctuie of some 
atoms It cannot be the smallest such 
paiticle, since its mass as compaied to the 
mass (16) of an oxygen atom is 4 while the 
mass ot the hydiogen atom is only 1 008 
The hydrogen atom obviously cannot con- 
tain a positively chaiged structural unit 
which is more massive than the entire atom 
The alpha particle, itself, must be complex 
in stiuctuie, as we have eailiei suggested 
(page 50) and must be composed of smaller 
pai tides, some of which at least carry 
positive chaiges 

The fact that many atomic weights are 
whole numliers, or almost exactly whole 
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numbers, together with the fact that the 
atomic weights of the isotopes of other ele- 
ments are also close to whole numbers 
(page 51), indicates that some particle with 
a relative mass of approximately 1, as com- 
pared with 16 foi the oxygen atom, is a 
fundamental kind of paiticle fiom which all 
atoms are built up in nature The only 
known paiticlc haring a mass of appioxi- 
raately 1 and a positive charge is the hydro- 
gen ion, this paiticle, therefore, has come 
to be coiibideied as one of the stnictuial 
components of all atoms and has been given 
the name, proton It will be lemembeied 
(page 50) tliat the hydrogen atom consists 
of one pioton and one electron If the elec- 
tron IS lost, as it is in the foimation of a 
hydiogcn ion, the proton is all that is left 
of the atom, the piotoii and the hydrogen ion 
lefer to the same particle Fuither evidence 
that protons exist m all atoms will now be 
given 

8. Positive Rays 

The discovery of cathode rays encouraged 
attempts to find positive lays emanating 
from the anode It was thought that these 
lays, if they exist, should travel in stiaight 
lines from the anode, and that in a tnlie, 
such as that of Figure 134, they should stuko 
the cathode If the cathode is perforated 
by a cylindrical opening, a pencil of positive 
rays should pass thiough the cathode into 
the legion beyond Heie they may be 
studied without the inteiference of the 
cathode rays in the tube proper Such rays 
have been obseived Their deflections m a 
magnetic or electiical field are in the oppo- 
site direction to the deflections of elections 
in the same fields Foi this leason, and also 
because they travel towaid and through the 
cathode, the assumption that they aie made 
up of positively charged particles appears to 
be justified The opening m the cathode 
through which they pass is sometimes called 
a canal, and hence, the rays are spoken of as 
canal tays 

The pai tides of winch positive lays are 


composed aie ions — positively charged 
atoms or even molecules They do not 
emanate from the anode, as was fiist thought, 
but they arc produced by impacts of cathode- 
ray particles, oi electrons, with atoms and 
molecules of the gas in the tube, they vary, 
therefore, in charge and mass with the char - 
actei of the gas The smallest positively 
charged particle identified in positive lays 
IS the hydrogen ion (pioton), and hero is 
furthei evidence that this particle may be 
the positively charged component of other 
atoms 

9. Protons as Units of Atomic Structure 

The evidence which we have presented 
thus far does not neeessauly convince one 
that all atoms contain protons There is 
no doubt ot the part played by the electron 
as a stnictuial unit m the building up of 
atoms, but the pait played by the proton 
needs verification We must show, if pos- 
sible, that hydrogen atoms, or hydrogen 
ions, actually exist in the structmes of all 
other atoms The best evidence that this 
IS tme is to be found m the results of the 
expeiiments descubed in the following sec- 
tion 

10 The Arfiflcial Disintegration of Atoms 

If atoms contain piotons, it should be pos- 
sible to liberate them if the atoms are decom- 
posed The emission of positively charged 
atoms ot hydrogen would coiicspond to the 
emission of elections and alpha pai tides by 
the radioactive elements Rutheifoid and 
others, as long ago as 1919, decomposed 
atoms ot nitrogen, aluminum, and other 
common elements by bombarding them with 
high-speed alpha particles from ladium C 
01 radium C' When these alpha pai tides 
strike atoms and molecules placed in then 
path, other particles are produced These 
are lighter than the alpha particles, and they 
tiavel for relatively long distances through 
the air or other substances before they are 
stopped, Hence they possess relatively 
large amounts of energy In fact, their 
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eneigy appeals to bo greater than the energy 
of the alpha particles which produce them 
The ranges of these particles aie the same, 
or about the same, as the ranges of hydrogen 
atoms that are struck and driven forward 
when alpha paiticles are passed through 
pure hydrogen oi tluongh gaseous com- 
pounds of hydrogen Furthermoie, the ratio 
of the chaige of one of these particles to its 
mass can be detcimincd by the same method 
that Thomson usc'd in dotei mining the ratio 
of the election’s chaigo to its mass The 
result conhrms the conclusion that the par- 
ticles liberated from nitrogen, aluminum, 
and othei atoms are protons These expeii- 
ments, proliably more than any othei direct 
source of evidence, indicate that the elec- 
trically positive unit of the atom’s stiucture 
IS the proton 

1 1. The Neutron 

When atoms of ceitain clcrnents, such as 
beryllium or boron, are bombarded by alpha 
particles, unchaiged particles called neutrons 
aie omitted They have a mass of about 
1 00893 and a velocity that is about one- 
tentli that of light These paiticles wcie 
first thought to consist of an electron and a 
proton in very close association and weie 
sometime, s refeiTod to as electron-pioton 
pairs At picsent the general opinion is 
that the neutron is an independent, definite 
paiticle Uiidei ceitain conditions it may 
be made to disintcgiate, whcieupon it ejects 
an electron and becomes a proton Since 
they carry no chaigcs, neutrons can pene- 



The alpha particles were produced by Radium C and 
passed through the foil F, eventually striking the fluorescent 
screen SC, where they were observed with the aid of the 
microsope, M 
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tratc materials (even several feet of lead) 
much more effectively than electrons and 
protons, which arc letaided by the charged 
paiticles of the atoms through which they 
pass 

12 The Nuclear Theory of Atomic Structure 
The problem of the distiibution of posi- 
tive and negative chaige within the atom 
has been the subject ot many studies and 
has led to many answers Sii J ,1 Thomson 
jiicturcd the atom as a sphere through which 
the positive charge was distributed Heic 
and there in this sphere ot positive charge, 
the electrons lay much like “plums in a 
pudding ” Thomson showed that the elec- 
trons would ai range themselves in concentric 
elides 01 groups within the positive sphere 
The number oi electrons in each group de- 
pended upon the size ot the circle, being 
smallest foi the ciicle next the center This 
model ot the atom, however, was not satis- 
factoiy It failed to explain soveial points 
in the behavior ot the atom It failed par- 
ticularly in explaining the results of the ex- 
periments desciibed in the next paragiaph 
In Older to gam some information on this 
problem, Rutherford shot rapidly moving 
alpha particles through thin sheets of metals 
He used, for example, a very thin gold foil 
On one side of the foil he placed the radio- 
active substance which emitted the alpha 
particles, and on the othei a phosphorescent 
screen The lattci was observed with a 
raicioscope, and the alpha particles striking 
within a certain area on the screen m a 
definite peiiod of time were counted 
Rntheiloid believed that an alpha particle 
which jiasscd close to an electron in its pas- 
bage thiough the foil would bo only bhghtly 
deflected Such deflections would not be 
sufficiently great to prevent the particle 
from striking the screen It the alpha par- 
ticle was gieatly deflected, it would not 
strike the screen He found that almost all 
the swiit alpha particles winch were emitted 
in the direction of the foil and screen were 
deflected, it at all, only slightly This was 
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Figure 1 38 DeflecHons of Alpha Particles by an Afom 

The large center circle represents the nucleus of an atom 
of metal m the foil The small circles around it represent 
the planetary electrons 

indicated hy the laet that appioximately 
the harae niimbei htiuck the sciecn, when the 
ioil of gold was placed in front of it, as when 
thei e was no obsti lu tion But now and then 
an alpha paiticle (one in many thousanclb) 
appeared to he deflected so strongly that it 
did not stiikc the screen at all, but was de- 
flected thiough a huge angle In some in- 
stances, the paiticle was deflected backwaid 
towaids its souiee 

Rutherfoid intei preted these results as 
meaning that the alpha particles usually 
met no deflecting forces, oi veiy small 
foices such as might be excited by elections, 
in their passage thiough the space occupied 
by the atoms This means, of course, that 
most of the space occupied by the atom is 
empty As legaids the positive charge of 
the atom, it means that the protons aie 
collected in a very small space somewhere 
within the atom This idea is suppoited by 
the tact that only laroly m its passage 
thiough the foil does an alpha paiticle meet, 
or pass neai, a body which repels it veiy 
stiongly Fiom the duection in which the 
alpha paiticle is deflected, it is obvious that 
the deflecting body caines a like (positive) 
charge And fiom the extent ol the deflec- 
tion it is obvious that the alpha must ap- 
pioach, at times, very close to a deflecting 
paiticle, since the veiy gieat force which it 
evidently excits could not be exeited at a 
voiy gieat distance In short, it appeals 
that the deflecting body acts almost as a 
positive chaige located at a point would act 
Rutheifoid leasonod, theietore, that the 
positive chaigc of the atom (all the piotons) 
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IS located m a very small region at the center 
of the atom He caUecl this poi tion of the 
atom the nucleus Since all the pi otons aie 
located in the nucleus, it is from this source 
that alpha particles are omitted duiing the 
ladioactive disintegration of ceitain atoms 
Beta particles may also come from the 
nucleus The protons and neutrons which 
aie emitted by atoms undci bombaidment 
by swift alpha pai tides come from the same 
souice We know very little concerning the 
structure of the nucleus The beta particles 
that aie liberated may be pioduced by the 
disintegiation of neutions, in which ca.sc 
piotons would be left in the nucleus 

1 3 The Composition of the Nucleus 

At one time it was thought that the 
nucleus of the atom contained elections and 
piotons The pi esont opinion is that it con- 
tains only protons and ncuti ons Since each 
pioton 01 neutron has a mass of approxi- 
mately 1 (as compaied with 16 for the oxy- 
gen atom), the atomic weight if we neglect 
the small mass ol the electron, is equal ap- 
proximately to the number of protons and 
ncntions in the nucleus The number of 
units of ehaige on the nucleus is equal to the 
number of piotons It is this charge that, 
attiacLs elections and holds them in their 
Dibits The numbei of these electrons is 
the same as the numbei of protons m the 
nucleus 

The nucleus of heavy hydrogen, or deu- 
teiium, contains one pi oton and one ncuii on , 
oidmary hydrogen has a single pioton foi a 
nucleus The helium nucleus consists of two 
piotons and two neutrons The numbei of 
protons and neutions combined m the nuclei 
of other atoms is equal to the whole number 
nearest tbc atomic weight of each element 
The nuclei of isotopes differ only in the 
numbei of neutrons m their atomic nuclei 

14 Atomic Numbers 

The quantity of charge on any nucleus is 
determined solely by the numbei of piotons 
m that nucleus. E)ach pioton contributes 
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one unit of po&itivc chaige and this is equal 
in size to the election’s charge As we pass 
from one element to the next m the pei iodic 
table, protons aie added one at a time, to- 
gether with one or more neutrons The 
nuclear chaige incieases, theiefoie, by one 
unit at a time, that of hydrogen is 1 and 
uranium is 92 This nuclear charge can he 
measuicd By counting the alpha particles 
that pass thiougli the loil and stiikc the 
screen in Ruthciford’s cxpciiment, one can 
deteiminc the nutnbei of alpha pai tides 
which pass through the gold foil without 
being deflected suflicicntly to thiow them 
off the screen When the gold leaf is not in 
place, a similar count can lie made ol the 
particles which strike tlie scicen in the same 
peiiod ol time 'Fhe diifcicuce between the 
two counts will be the nunibct ot ])aiticlcs 
that are dellccled to a gieatci extent than a 
ocitain minimum angle This numboi dc- 
pend.s upon the size ol the angle, the numbci 
ol atoms 111 the loil, the chaigo on each atomic 
nucleus, and the ehaige, mass, and vclo(!il,v 
ol the alpha particle Since the values ol all 
the othei tactors aie known oi can be de- 
teiminod, the nuclear diatge ot the atom can 
be calculated 

Tlie lesults obtained by tlie method de- 
scribed above showed that tlie uumlici of 
units ol positive charge on the nucleus of au 
atom is the same as the numiier which gives 
the position of the element in the peiiodic 
table Long bcfoic Rutheiloid’s measnie- 
ments had boon made, the number repiesenl- 
ing the position of an clement in the periodic 
classihcation had been called the aloimc 
numlmt oi that element We may sav, 
thcroioie, that the atomic immbci oi an 
element is (.he same as the iiumbci oi units 
of positive, chaige on the nuclei of its atoms 
Atomic numbeis aie now dctci mined by 
Moseley’s X-ray method 

1 5. Positrons 

The identification of the election as a 
unit ol negative chaige led physicists to be- 
lieve that there should be a ooiiesponding 


positive particle, a positive electron The 
seaich foi such pai tides was finally rewarded 
by their discovery among the pioducts of 
certain atomic disintegrations They have 
the same quantity of chaige pei partide as 
the election, but the cliarge is positive in- 
stead of negative Then mass is approxi- 
mately equal also to the mass of electrons 
Such particles aie called positrons 

DISTRIBUTION OF THE ELECTRONS 
WITHIN THE ATOM 

16 Introduction 

In lecent yeais, physicists and chemists 
have been most concerned with theories ol 
nucleai structure, but eailiei theoiies usu- 
ally dealt with the aiiangeraent of elections 
about the nucleus It is with the lattei 
problem that we aie concerned at this time 
Instead of exact models (because it is not 
possible to doteimiiie at any one instant 
wlieie all, or any, ol the flying elections ot 
an atom aic located), mathematical concepts 
and equations aie most often used to express 
the facts that we know and the ideas that wo 
have concerning the elections’ contribution 
to the stiuctuvc oi an atom 

Never tireless, some models, although phys- 
ically unioal, have been very useful, jiai ticu- 
lailr to the chemist Such models arc very 
heliilul m explaining, for example, the va- 
lences ol diiteient elements, and also m 
explaining how dilfeicnt atoms unite to 
foim molecules Although incapable of 
sliowing the actual atomic mechanism and 
its operation, tliese models represent — even 
in a jilivsical scnsi' - a faiily satisfactory, 
qualitative explanation ol atomic struetuie 
As such tlu'y have seived to oncouiage and 
direct thoiisands of studies dealing with the 
stiucturc ot matter For this icasoii, as 
well as for the aid which they olfci in ex- 
plaining chemical behavioi , models ot atomic 
htructiuc aie important The fiist models 
emjiloyed by chemists wci e suggested in 1916 
by Lewis, and later (1919) were extended 
and somewhat modified by Langmuir These 
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have oiten been called static models, be- 
cause the elections weie placed in definite 
positions about the nucleus lather than in 
orbits in which they rotated aiound the 
nucleus Por the most part, the theories of 
Lewis and Langmuir aie now only of his- 
toiical mteiest, although m eailiei days 
they seived as stimulating guides to study 
and leseaich 

1 7 The Bohr Theory 

Of the vaiious atomic models which have 
been suggested fiom time to time, we shall 
confine our study to that iiro]io&ed by Bolir 
Aside from the purely mathematical methods 
of dealing with the pioblem of atomic struc- 
ture, models based upon Bohr’s theory are 
piobably more nearly accuiate and aic cci- 
tainly more helpful than any othei 

Oui present concept of the atom is based 
upon lather bioad extensions of Bohi’s 
oiigmal theoiy and pictuies the atomic sys- 
tem as a miniature solar system. The nu- 
cleus IS the sun and the elections outside it 
are the planets Like the planets of our 
solar system, these electrons are thought to 
lotate aiound their "sun ’’ It they do not, 
the stability of the atom cannot be explained 
If they lotate in oibits, they possess energy 
and are able to balance the pull, or attrac- 
tion, of the positively chaiged nucleus, which 
tends always, of course, to diaw them towaid 
itself If, in some way, they aie given addi- 
tional energy, the electrons may fly entnely 
beyond the usual boiindaiies of the atom, 
or if smallei amounts of energy are absorbed 
by the electrons, they may lotate in larger 
orbits, faither lemoved from the nucleus 



Figupo 139 The Hydrogen Atom 
Showing a proton m the center and the single planetary 
electron rotating in the orbit of smallest diameter 


Under normal conditions, however, the at- 
traction of the nucleus keeps them in lota- 
tion in what we may refer to as their 
"normal” orbits, that is, the smallest orbits 
that they can occupy within the atom 

18 The Hydrogen Atom and Its Energy Levels 

The hydrogen atom consists of a single 
planetary electron revolving aiound tho 
nucleus, which m this case is a single pioton 
The electron, however, may i evolve in many 
orbits, depending on the energy which it 
possesses. Bohr’s theory assumes that, as 
long as the election rotates in the same 
orbit, it neither gams (absorbs) nor loses 
encigy by emitting light If it gams energy, 
the election moves to a laigei orbit If it 
loses energy, it moves to an oibit of smaller 
radius 

Since the election is a pait of the atom, 
and smee the electron possesses diffeient 
quantities of cneigy when it revolves in dif- 
leient orbits, the energy stale of the atom 
as a whole may be said to vaiy with the 
orbit occupied by the electron Oi putting 
the matter m another way, the diffoiont 
election orbits may be said to lepicsent dif- 
feient energy levels If the electron lay 
in the nucleus, its encigy would be zero, and 
this condition would represent the zeio 
eneigy level Hence, the orbit nearest the 
nucleus coriesponds to the level of smallest 
energy and is called the fust level 

19. The Spectrum of Hydrogen and the Origin 
of its Spectral Lines 

Bohi’s tlieoiy of the btruotiiic of tlie hydiogeii 
atom, as biiefly outlined above, was based laigely 
upon the lines m the spectium oljtauied by ex- 
amination of the light emitted by the element 
when it IS made luminous. 

The hydiogcn speotmm consists of foui seuc.s 
of fines in the infrared, vibible, and ultiaviolet 
sections of the complete spectuim (page 234) 
Neither the intraiecl noi the ultraxiolet layp 
can be seen by the eye, but they can be detected 
and studied by substituting foi the eyepiece of 
tho spectioscope a photogiaplnc jilate that ha.s 
been sensitized to these lays, thus allowing a 
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Figure 140 The Different Electron Orbits of the 
Hydrogen Atom 

Four series of lines in the hydrogen spectrum are pro- 
duced by the transition of electrons, from higher levels to the 
first (A series), to the second (B senes), to the third (C series), 
and to the fourth (D series) orbits 


lilidtogi aph showiuR lines m Uie.se legions to be 
made 

The lieciuonCY (\’('lo city/ wave-length) ol any 
line m any ol ilic lout scuos of the hydiogen 
speotuim can be ualculatod by means ol the fol- 
lowing ociuatioii 



wheiB if iH a constant foi ail of the lines, and Wj 
and ria aie intogeis, For one senes, the Lyman, 
rii IS 1 and iij is 2, 3, 4, 6, (i, etc In the Ralmer 
senes 111 IS 2 and wj is 3, 4, 5, 6, etc In the 
Paschcii series ip is 3, and in is 4, 5, (i, etc In 
the foul til senes, the Biackctt, m is 4 and iijis 5, 
6, etc 

The Bohi thcoiy of the atom olleis at least a 
qualitative explanation ol the foui senes and the 
individual lines of which each is composed (page 
232) Accoidmg to this theoiy, the electron of 
the hydiogen atom may i evolve iii any one of 
many oi bits, and foi each oi 1 iit there is a perfectly 
definite quantity of oneigy wliieli the election 
must possess to icmaiii iii that mbit Tluscneigy 
(lopoiids pniicipally upon the mass of tlie elec- 
tion, its velocity, and its distance (the radius of 
its mbit) horn the atomic nucleus, giowiiig laiger 
as the election is faitlici leinoved fiom the 
nucleus The mbits iii winch the electron can 
rotate aie usually icfeired to by ceitaiii numbeis, 
1, 2, 3, 4, II An election in the fiist oibit 
pos.sesses, theicfoie, the smallest quantity of 
energy that it can possibly have associated with 
it Since all systems tend towaid the lowest 


possible eneigy state, this orbit is called the 
nonnal orbit foi the election When hydrogen i.s 
acted upon by clcetiical energy in a discharge tube 
(page 233), we assume that elections levolving 
ill the fust mbit of its atoms aie forced out into 
laigei mbits (n > 1) by absmhing eneigy When 
this happens, electrons fiomoutei oibits oi fiom 
outside the atom may move back towaid the 
nucleus, and revolve in mbits for which n has 
smaller values and m which they possess smaller 
quantities of eneigy If the eneigy of an elec- 
tion 111 the (htfeieiit mbits is lopicsontcd by Ei, 
El, Ei, etc , a ciuaiitity ol eneigy equal to Ei — Jii 
must be ladiatcd into space wlien the electron 
moves fiom the second to the first orbit If the 
election move.s fiom the thud to the fiist mbit, 
a quantity of eneigy equal to Ei — Ei is ladiated, 
and so on Each ladiated quantity^ of energy 
coriesponds to a definite frequency (v), which is 
lepiesented by a definite line m the spectrum of 
tlie element All the hues coiiespondmg to the 
fiequencies of the ladiation resulting fiom shifts 
of elections to the first orbit make up, according to 
Bohr’s theoiy, the Lyman senes of the hydiogen 
spcetuim 

Bimilaily, the lines ot the Balmei senes ooi- 
respoiid to the fiequencies of the ladiation icsiilt- 
ing from election shifts fiom laigei Dibits to the 
second The hne.s m tlie Pasehen and Biackett 
senes coiicspond to shifts of elections to the 
thud and lomth mbits, lespeotively 

Since the energy of an election is smallest m 
the fiist mbit, tiansitions to this position lesiilt 
m the 1 acliation of the lai gest quantities ot eiiei gy 
The hequeni'ies of the ladiatioii lesulting fiom 
these tiansitions aie thercfoie gieatei and the 
wave-lengths shoitei than those coriespoiidmg to 
transitions to the second, thud, oi fouith mbits 
The Imes of the Lyman senes he, theiefoie, in 
tlio nltiaviolet, and tliose of the Biackett , senes 
in the mfi ail'd The visible hues belong to the 
Balinei senes 

Not all of the senes of lines in the spec ti urn of 
hydiogen weie known at the time of Bolii’s fiist 
statement of his theory ot election oibits Bohi 
predicted the otheis and the fiequencies to which 
then lines conespoiid with a high degree of ac- 
curacy 

20 The Distribution of Electrons in Different 
Levels of Atoms 

We have already discussed the arrange- 
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men! of elections m diffeient groups, or 
levels, about the nuclei of atoms of the first 
foi ty elements (page 54) The distribution 
for the heavier and more complex atoms is 
shown in Table 10, in which, for convenience, 
we have also summarized the chstiibiition of 
electrons m the lighter atoms The evidence 
upon which this distribution of electrons is 
based has been obtained from spectral data 
and fiom several other sources, a few of 
which aie discussed briefly below 

21, The Structures of the Inert Gases 
The numbers of elections in the atoms of 
the inert gases aie evidently the numbers 
that are required to produce very stable ar- 
langements, because these atoms are very 
stable None of then elections can be le- 
moved without difficulty, and the atoms do 
not leact by gaining, losing, or shaiing any 
of the elections that they have If the 
helium atom contains two elections in the 
first gioup, the neon atom must contain 
eight in the second gioup, because its 
atomic numbci, and thoiefoie its total 
number of elections, is ten Since the othei 
inert gases aie veiy similar to neon, we may 
reason that they also contain eight elections 
in the outermost groups of then atoms If 
this IS true, then it appears that the anange- 
ment of elections m the diffeient groups of 
then atoms is likely to be as follows 


Helium 

2 




Neon 

2 

8 



Aigon 

2 

8 

8 


Krj'^pton 

2 

8 

18 

8 

Xenon 

2 

8 

18 

18 8 

Radon 

2 

8 

18 

32 18 


This plan gives us a general scheme of 
ariangement, a skeleton so to speak, that 
we can use in predicting the numbci s of 
elections m the different groups of the atoms 
of other elements, as, for example, those that 
he between neon and argon, 

The atoms of the elements that follow immedi- 
ately after any of the inert gases contain one 


election that is lelatively easily removed Hence 
this election is believed to he m the level next 
above the eight elections of the incit gas The 
stiucture of the sodium atom may be represented 
as 2-8-1. The tendency of the sodium atom to 
lose only this single election is explained by the 
gieat stability of the atom that contains eight 
elections in the outeimost gioup On the othei 
hand, the chloiine atom has the structuie 2-8-7 
It laclcs one election of having the number re- 
quiied foi maximum stability It is difficult, 
therefore, to lemove any of the seven electrons 
of chloi me’s outeimost gi oup Instead, the atom 
tends to g n.m an election, thus completing the 
gioup and attaining an outei stiucture like that 
of aigon 

Aitei aigon (2-8-8) the first two electrons go 
into the fouith level (K, 2-8-8— 1 and Ca, 2-8- 
8-2) Fiom scandium to cnppoi, howevei, the 
additional elections aie used to complete the 
thud gioup, which is not filled until it contains 
eighteen elections (Sc, 2-8-9-2, Cu, 2-8-18-1) 
Foi the next elements (zinc to bromine) elections 
aie added to those already picsont in the fomth 
group, until in bromine this gioup like the cor- 
responding groups in fluoiine and chlonne con- 
tains seven electrons (Zn, 2-8-18-2, Bi, 2-8- 
18-7) 

In kiypton the fourth gioup contains eight 
elections, and hence, the next two that aie added 
go into the fifth level (Rb, 2-8-18-8-1, Si, 
2-8-18-8-2) Foi the next elements (yttimm 
to ,silvei) the elections that aie added go to build 
up the fomth gioup tiom eight to eighteen 
(Y, 2-8-18-9-2, Ag, 2-8-18-18-1, Cd, 2-8-18- 
18-2) The fifth group is then built up until it 
contains seven elections in iodine and eight m 
xenon (I, 2-8-18-18-7, Xe, 2-8-18-18-8) In 
the next two elements (cesium and baiiuin) the 
two elections that aie added go into the sixth 
gioup (Cs, 2-8-18-18-8-1, Ba, 2-8-18-18-8-2) 
In lanthanum an election is added to the fifth 
gioup (La, 2-8-18-18-9-2) and then fiom cerium 
to lutecium the fouith level is built up from 
eighteen to thiity-two (Ce, 2-8-18-19-9-2, Lu, 
2-8-18-32-9-2) The fouith group is now 
completely filled Fiom hafnium to gold the 
elections that aie added build up the numbei in 
the fifth group to eighteen (Au, 2-8-18-32-18-1), 
The sixth group is then built up until it contains 
seven in element 85 and eight in radon (85, 
2-8-18-32-18-7; Rn, 2-8-18-32-18-8): the next 
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two elections then go into group seven (Ra, 
2-8-18-32-18-8-2) and in the last lew elements 
(actinium to curium the elections go to build up 
the fifth group fiom 18 in actinium to 25 in cu- 
rium (Table 10) 

22 Ionization Potentials of the Elements 
The ionization potential of an element 
represents the strength of the electric field 
m volts per centimeter required to lemove 
the most loosely bound electron from an 
atom of the element in its gaseous state 
The ionization potentials of most of the 
elements are shown in Figure 141 It will be 
noted tliat the potentials ic(iuired to lemove 
one election from an atom of each of the 
inert gases are relatively very high, and that 
ifc is small for each element following an 
inert gas in the order of atomic mimbeis 
Thus, the potentials of lithium and sodium 
arc both about five volts, while for helium 
and neon they aic 20-25 volts Beginning 
with lithium, the voltage requited to remove 
an election from an atom increases gradually 
until it reaches a maximum again foi neon 
Theie is a sudden decrease at this point to 
anothei minimum potential for sodium, lol- 
lowod by anothei senes of increases until 
aigon IS leached Foi potassium the poten- 
tial again drops to a minimum, somewhat 
below the ionization potential loi sodium 
Fiom caleiuin to zinc theio is only a slight 
change in the potential, but from zinc to 


krypton there is another series of gradual 
increases, with another maximum foi kryp- 
ton, followed by another sudden drop to a 
minimum for rubidium 
The ionization potentials of the elements, 
therefoie. support in every way the aiiange- 
ment of electrons that we have previously 
desenbed The energy icquiiod to remove 
an electron fiom an atom depends upon 
the nuclear chaige, and as the chaigc in- 
ci eases, for example from lithium to neon, 
the ionizing potential increases Another 
factoi enters the pictuie and dominates the 
situation m the case of sodium The 
nuclear chaige is greatei than foi any of the 
elements from lithium to neon, but the 
electron is far easier to remove, and hence 
we must conclude that in the atom of sodium 
the election that is removed must be farthei 
from the nucleus than any ol the elections 
in atoms of elements below sodium Evi- 
dently, then, all the elections that aie added 
one by one in the atoms of the elements from 
lithium to neon are approximately equally 
distant fiom the nucleus This group must 
consequently contain eight elections 
By similar reasoning wo can determine the 
numbers ol elections in other groups It is 
also possible to obtain additional useful 
information by measuiing the ionization 
potentials required to remove another elec- 
tron, and even two oi thiee inoie elections, 
from the atom after the first step in the 
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ionization has been completed by lemoving 
the most loosely hound election. 

23. Atomic and Ionic Radii 

Evidence suppoiting the theoiy ot elec- 
tron distiibution in the diffeicnt gioups or 
levels of the atom can be found m the data 
dealing witli the sizes of atoms and ions 
Such data are given in Table 11 

Note that the radii ot the atoms deciease foi 
the elements in peiiod two fioin lithium to fliio- 
iine and in pcuocl three fiom sodium to chloime 
As the chaige of the iiiidcns incieases it rliaws 
closer to itself the elections m the gioup.s aiound 
it, and electrons become increasingly difhcult to 
lemove Note the incieases m size for each ot 
the gioup-one metals, lithium, sodium, potassium, 
lubidium, and cesium It is in then atoms that 
a new group is staited Note, also, that their 
atoms inoioase gradually m size ftorn litluum to 
cesium The valence election is most easily le- 
movccl fiom the laigcst ot these atoms, cesium, 
this element, tlioiefoie, is most active and most 
leadily foims positive ions, Cs+ Note, also, the 
increase in size of atoms of Huoime, chloime, 
biomme, and iodine The iodine atom is the 
laigcst of these, and hence it has the weakest at- 
ti action foi elections, and is least active as a 
non-metal Note, finally, that toi tlie tiansi- 
tional elomoiits in the inuldlc of the fiist long 
period (4) — vanadium to iiiekcl — the lathi 
aie all of about the same size In the atoms of 
these elements the elections that aie added go to 
complete the thud gioup, and each contains the 
same numbei (2) m the gioup on the outside, 
hence theie should be no gieat diffcicnces in the 
bize of these atoms From coppei to bioimne the 
fouith group IS being built up fiom one to seven 
electrons, heie, too, little change m size is to be 
noticed, except foi a slight, giachial decieasc as 
the nuoleai chaige incieases 

Upon the basis of the sizes of their atoms, 
diffeieiices in the piopei ties of the elements of a 
family aie leadily explained Cesium, foi ex- 
ample, has laigei atoms than sodium (see atoimc 
radu. Table ii, and hence the single election in 
the valence shell of the cesium atom is more 
easily lemoved than the election of the sochnm 
atom, because it is faithei away fiom the nucleus 
And is held less firmly Cesium, theiefore, is more 


TABLE 1 1 


Radii of Atoms and Ions 

(in Angstrom units One unit equals one 
hiindrcrl-millioiith of one centimeter) 


Element 

Atomic 

radius 

Ionic 

radius 

Hydrogen 

0 37 

1 36, H~ 

Lithium 

1.50 

0.68, Li+ 

Beryllium 

1 112 

0.39, Be' + 

Boron 

07 

0 24, B^ ' •- 

Carbon 

0 77 

— 

Nitrogen 

0.53 

1 71, N“ 

Oxygen 

— 

1 40, 0“ 

Fluorine 

0 68 

1 33, F- 

Neon 

1 60 

— 

Sodium 

1 86 

0 98, Na+ 

Magnesium 

1 595 

071, Mg-' + 

Aluminum 

1 48 

0 55, Ab ^ ' 

Silicon 

1 172 

0 44, Si' 1 + 

Phosphorus 

1 08 

2 12, P"= 

Sulfur 

1 06 

1 85, S“ 

Chlorine 

0 97 

1 81, C|- 

Argon 

1 91 

— 

Potassium 

2 27 

1.33, 

Calcium 

1 97 

0 98, Ca' I 

Titanium 

1 45 

0 62, Ti' 

Vanadium 

1,313 

0 59, V" " + 

Chromium 

1 246 

0 65, Cr' 1 ' 

Manganese 

1.24 

091, Mn" 

Iron 

1.238 

0 83, Fe' ' 

Cobalt 

1.25 

0 82, Co' ' 

Nickel 

1 24 

0 78, Nd ' 

Copper 

1 275 

0 96, Cu' 

Zinc 

1 33 

0 74, Zn' ' 

Gallium 

1 22 

0 62, Go' *■' 

Germanium 

1 22 

0 53, Ge" " 

Arsenic 

1 25 

2 22, As“ 

Selenium 

1 16 

1 96, Se= 

Bromine 

1 13 

1 96, Br- 

Krypton 

20 

— 

Rubidium 

2 43 

1 48, Rb' 

Strontium 

2 14 

1 1 5, Sr++ 

Iodine 

1 35 

2 19, r 

Xenon 

22 

— 

Cesium 

2 62 

1 67, Ci'- 

Barium 

2 17 

1 31, BaH 


active than sodiuin in reaitiiig witli chlmiiie and 
othci elements whoso atoms can acquiie electrons 
On the othei hand, fluoime and chloime aic 
moie active than lodmc because then atoms aie 
smallei than iodine atoms The small atom of 
fluorine, for example, attracts very stioiigly and 
holds very fiimly the election it needs to complete 
its outermost shell, because this shell is close to 



272 


THE STRUCTURE OF MATTER 


tlic nucleus In the iodine atom, the additional 
election must gn into a group ivliich is relatively 
fai iuvay fiom the nucleus and is held less fiimly 
When the atoms have acquned elections and have 
Ijciouk' negatnely chaiged inns, F“, Cl", I", 
llie iiidule ion paits with its additional election 
iHfliei easily and, theiehne, is leadily oxidized 
hiuk to the hee element The fluoiide and 
< hloiidc ions aie inoie difhcult to oxidize, because 
the elections they have acqiiiied aic more firmly 
held Siimlaily, the elements of the nitiogeii 
lamily (mtiogcii to bismuth) become more like 
the metals as the atomic weight and atomic 
number iiici ease, because in the laigei atoms, e g , 
bismuth, the elections arc hekl less fiimly, elec- 
ti MIS ai e thus moi e easily i emoi ed, and the atoms 
may give up at least some of then valence 
eleitioMs and act as metals do in foiming posi- 
tnely chaiged ions, such as lli'"''" and ldb+' + 
The othci elements ol this family do not foiin 
such ions, they foim compounds by shaimg 
electrons 

24. Some Factors that Determine the Type of 
Bond that Atoms Form 

Fiom left to right in one of the peiiods of 
the Pcuodic Table, the elements have in- 
creasingly greater ionization potentials (i e , 
more and moie encigy is required to leraove 
an electron from an atom), and rncreastngly 
smaller atomic and ionic radn (i e , the atoms 
of successive elements have largci nuclei 
containing moie piotons which draw and 
hold closer to themselves the diffeient elec- 
tion-gioups of the atom) Thus, the sodium 
atom of group one in the third period has 
little attraction foi its single valence elec- 
tron, and this election is i datively far re- 
moved fiom the nucleus Sodium, theiefoie, 
easily loses its valence election to chloime, 
for example, and thus forms sodium chloiide, 
an ionic compound Magnesium chloiide 
likewise is ionic In aluminum chloiide, 
however, we find a compound which, in its 
puie state, displays many of the piopeities 
of covalent compounds The high ionization 
potential of aluminum, and its small atomic 
radius, as compaied with sodium, would 
lead us to expect that the atom of aluminum 
would have considerable attraction for elec- 


trons, and evidently this attraction is stiong 
enough to cause aluminum to share electrons 
with chloiine instead of giving them up com- 
pletely In carbon tetrachloride, CCh, the 
positive charge of the nucleus is still greater, 
the atomic ladiiis still smaller, and the 
tendency to yield electrons to chlorine still 
weakei foi cailion than it is for aluminum 
Although the aluminum ion, A1+++, is formed 
and does exist as a hydiated ion — com- 
bined with molecules of watei — in aqueous 
solutions, the caibon ion, C++^, is unknown 

We see, therefore, that the type ol bond 
— ionic or covalent — that the atoms of an 
element arc likely to form depends upon the 
eneigy, as measured by the ionization poten- 
tial, lequiied to remove elections from the 
atoms This eneigy, m turn, depends upon 
the size of the atom, as measuied by the 
atomic radius, and upon the positive chaige 
of the nucleus The formation of ionic 
bonds by positive elements, especially the 
metals, is favored by large atomic radn and 
small nucleai chaiges The type of bond 
also depends, of coin sc, upon the atti action 
that the atoms of the more non-metalhc of 
the two combining elements have for elec- 
tions, and hence we might expect chlorine 
to form ionic compounds, wheieas nitiogcn 
or phosphoius or carbon might foim covalent 
compounds with the same element 

25 Variable Valence Numbers of the Transi- 
tion Elements 

The non atom in group eight possesses a 
positive valence in its compounds and ap- 
pears to lose electrons, since it forms positive 
feme and ferrous ions and 

Fe+^' Ch") This atom contains eight more 
elections than argon, but non does not lose 
eight elections Tlieie are piobably only 
two or tbiee elections m the outermost group 
ol its atoms (Table 10) This condition is 
also tiue, in geneial, of many of the A 
elements of the long periods of the periodic 
table (the tiansition elements, such as 
chiomium and manganese (see Table 10, 
page 269) 
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If the outciinost group of the non atom 
contains only two electrons (Table 10), then 
when this atom has a valence number of 3, 
an election from the ne\t lowei group must 
be leleased when the feme (Fc"*'*^) ion is 
pioduced It ajipoais that a similar change 
occurs in many of the elements that have 
variable positive valences — Cu"'", Cu++, 
Mn''’", Mn'^'^, Ci'*^, etc Losses of 

electrons fiom an inside group can occur 
only when that group is not stable, or filled, 
thus, in the sodium atom the group next to 
the one on the outside contains eight elec- 
tions and consequently does not lose any 
The sodium atom, theicfore, ncvei has any 
valence number other than -b 1 

Review Exercises 

1 What aie some of the sources of cviflence 
upon which theoiies of atomic slructuic aie 
based^ 

2 Lesoiibc a cathode-iay tube What facts 
conoeining cathode rays indicate that they 
aie composed of negatively chaiged pai tides? 

3 By what method did Thomson deter mine the 
mass and chaige of the cathode-iay paiticlc*'* 

4 How did Millikan domonstiate the “atomic” 
cliaiacter of electrical chaigo''’ How did he 
deteimme the unit of charge‘s 

5 What are some of the methods tiy which 
electi ons can be liberated i i om diltei cut foi ms 
ol mattei? 

B What IS a pioton? What is the i elation of a 
proton to the hydiogen atom? 

7 Of what aie positive “lays” composed and 
how aio tliey produced'^ 

8 How ai 6 non-i adioactive atoms dismtegi ated? 
What aie the products of the dismtegiation? 

9 What is a neution? How are neutions Iibei- 
ated from atoms? 

10 Upon what evidence is the nuclcai theoi’y of 
the atom basecU What is the composition 
of the nucleus? How do the nuclei oi differ ent 
kinds of atoms dilfei''' 

1 1 Uescube the stiuctme of an atom ol liydiogen 
according to Bohi’s theory 


What IS the airangeinent of election& in eacli 
of the fiist nineteen elements of the periodic 
table? 

12 Why do wo believe that the maximum num- 
bei of electi ons in the first gi oup of orbits is 
two, and lu the second, eight''’ 

13 How does Bohi’s theoiy of atomic stuiotuie 
explain the ladiatioii of energy by an atom'^ 

14 How docs this theoiy account [oi the fact 
that some of the ladiation by atoms of hydio- 
gen is m the legion of visible light and some 
in the legion of the ulti a violet'^ 

15 Wliat changes occur in the stiuctuics and 
electrical condition of atoms oi sodium and 
chlorine when they leat-f^ Why docs an 
atom of magnesium react with one ol sulfur 
hut with two of chlorine^ 

IG Dcsciihc the atoms of the following elements 
as to (1) immbei of olcetions in each giouj), 
(2) mimhei of jriotons in the nucleus, (3) 
atomic numhci, and (4) inaxiinum irositivu 
and negative electi o\aleuce iminhers of the 
elements aluminum, sulfur, fluorine, calcium, 
and zinc 

17 What infoinialion cnnceinmg the atomic 
stiuctuics of (lilfeient elements can he ob- 
tained fiom loni/atioii potentials’^ 
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small amount of ^nailer, the product of a chain 
of huge, specially constructed induslnal plants, 
was made to release the energy of the universe 
locked up inthvi the atom from the beginning of 
time 

■\V« DEPARTMENT RBLIOASE ON NEW MEXIfO 
TEST OF ATOMIC BOMB, JULY 10, 1945 


1. Introduction 

In this chapter, we shall be concerned, 
primaiily, with the compoMtion of atomie 
nuclei and with the changes by which nuclei 
ot one variety of atoms are converted into 
the nuclei of othei atoms Isotopes aie 
also discussed at this tune because (1) the 
atoms of the isotopes of one element diffei 
only 111 the composition of their nuclei, and 
(2) some knowledge of the subject is re- 
quiied for an iindeistanding of the olianges 
that occiu in the tiansmiitatioii piocesscs 
by which one variety of atom is converted 
into one oi inoie othei vaiieties 

ISOTOPES 

Previously (page 51) we have defined 
isotopes and explained the diffciences in the 
stiuctures of their atoms We now tnin out 
attention to the expciimental methods used 
to identify the diffeient isotopes of an cle- 
ment and to deteimme then i dative masses 

The belief that theie is but one kind of 
atom for most elements peisisted in chera- 
istiy even aftei the discovery of the isotopes 
of lead and othei ekunents of the ladioactive 
senes It was thought, foi no good leason, 
that only elements associated in some way 
with the phenomenon of ladioactnutv exist 
in isotopic atomic fuiins The collection of 
this view and the discovery of the isotopes 


of non-radioactive elements came about as a 
lesult ot Sir .1 J Thomson’s studies of posi- 
tive-! ay particles 

2 Positive-Ray Analysis 
The pai tides composing positive lays aio 
electiically chaiged atoms and molecules, 
01 ions, and then masses and charges vaiy, 
therefore, with the chai actor of the small 
amount of gas in the tube They are jiro- 
duced by the effects ot cathodc-ray pai tides 
(oi elections) upon atoms and molecules oi 
this gas, the impacts losiilt in the expulsion 
of one 01 more electrons and the pioduc- 
tion of positively chaiged ions Positively 
chaiged particles pi educed in the region 
between the anode and cathode of a tube lilcc 
that shown in Figure 142 move unclei the in- 
fluence of a differ once of potential toward the 
cathode If the cathode is peifoiated by a 
small opening, a pencil of lays will poiu 
through it and can be detected and studied 
in the legion beyond Sec Figuio 142 
Using Sii J J Thomson’s pioceduie, let 
us consider the positive pai tides pioduced in 
a dischaige tube under the influence of a 
dillerence in potential ol some thutv or foitv 
thousand volts After passing through the 
cathode of such a tube, the positive particles 
aie deflected liy being passed through an 
electiical and a magnetic field and finally 
allowed to stake the screen or photographic 
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Positive particles originate m G and pass through the opening in the cathode C into the electrical field (EE) and 
magnetic field (MM) J is a cooling [acket through v/hich cold v/ater fiows I is an iron shield to prevent positive 
particles in G from being deflected by the magnet 


plate, SS 'The clcctiieal field alone cmu^os 
paiticles ot the same mass and cIkurc, oi 
pai tides liaMiis^ the same latio of chaige to 
mass, e/vi, to ho defieeted along the line E — 
E (Figure 143), the exact point at which 
each iiarticle stakes being dctci mined by 
the velocity of the individual pai ticic The 
magnetic field deflects tlic paiticles in ciicu- 
hr paths which lie in a plane porjiendiculai 
xo the field and also to the direction of the 
electiical deflection This field when acting 
alone, theicloie, will deflect similai paiticles 
along the line M - i\f at points whoie the 
circnlai paths inteisect the scieoii 



Figure 143 Parabolas Produced by 02*^ Parficles 
(Lowest), 0+ Particles (Middle), and o Lighter Porttcle, 
Such PS N'h (Top) 


The extent of the dellcctiori of a puiticle 
(le.pciids upon the slieiigths ot tlu' defleetiiig 
holds, the mass, chaige, and vc'lodty ol tlu' 
paitiele, and the dimensions of the appaiiitus 
When acted upon by both fields simultane- 
ously, paiticles possessing the same mass and 
the same chaige (or the same e/m) will 
strike the soiocn oi plate at dilhnerit points, 
depending upon then velocities, along a 
curve that lies between B — E and il/ — M 
r.ulielcs pos.se.ssiiig dilfeioni masses oi 
eluuges pioduce othei euives, each cuive 
lopiescnting the points at which all jiaitiek's 
having the same latio ot eba stiike the 
scieen Fioin compaiisons ol the curves 
made by diffeient kinds of paiticles, some of 
which have known masses and ehiiges, all 
the paiticles can be uleiitified and their 
masses dctcimined The euivi's he to the 
light 01 lelt ol M - M and ahovi* oi below 
]'l - E depending upon the directions oi the 
deflecting fields 

3 Discovery of the Isotopes of the Stable 
Elements 

During the course ol many experiments 
with positive particles, Thomson was puzzled 
by the appearance of two parabolas when- 




^76 

evei neon was present in the tnlie 
of these cuives appealed to be due to atoms 
of this element, although neither coiie- 
sponded exactly to the accepted atomic 
weight of neon, 20 2 The possibility that 
they might be due to other pai tides had to 
be eliminated, and this was done The two 
parabolas showed that they were produced 
by pai tides which possess masses of 20 and 
22, lespectively, as compaied to 16 for the 
atom of oxygen This could mean but one 
thing Theie must be two kinds of neon 
atoms (thiee aie now known), and the 
atomic weight of 20 2, which is usually ac- 
cepted as the atomic weight of the element, 
IS the average of these two values The 
two kinds of neon aie, howevei, always 
mixed in the same pioportion, since the 
aveiage atomic weight does not vary 

4 Aston's Mass Spectrograph 
Thomson’s classical expeiiments with pos- 
itive lays led directly to the discovery of the 
isotopes of the stable (non-iadioactive) ele- 
ments Thomson’s original appaiatus was 
considerably modified by Aston, who used it 
to deteimme the numbei of isotopes of all 
the elements and their atomic weights In 
Aston’s appaiatus (Figuie 144) the elect! ical 
and magnetic helds are applied at light 


angles to each other and at diffcicnt posi- 
tions, as shown in the figuie The particles 
aic fi-ist deflected by the clectiical field, and 
the original beam is thus divided mto a, 
number of parts because of the different 
dcgiees of deflections of paiticles of diffci- 
ent velocities The deflected pai tides then 
pass mto the magnetic field wheio they aie 
again deflected If the positions of the 
diffeient paits of the apparatus are propeily 
adjusted, the magnetic field will bung to a 
focus on the photogiaphic plate all the pai- 
ticles which have the same charge and mass 
but different velocities Instead of being 
scatteied along a paiabola as in Thomson's 
tube, the paiticles aie all concentiated on a 
veiy small area of the plate Thus, a few 
which would pioducc a veiy faint paiabola 
may be recognized much muio cleaily by 
Aston’s method By mcasuung the position 
ol the spot which is pioduced bv any one 
kind of particles, m i elation to the spots 
foimed by other paiticles of known charge 
and mass, the latio of the charge to the mass 
(e/m) foi that kind of pai tide is determined 
Latei modifications of Aston’s appaiatus are 
said to give lesults which aie accurate to one 
pait in ten thousand Because it separates 
paiticles of diffeient masses into a spectrum, 
somewhat like the spectium into which a 
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Figur* 144. Atlon't Moit Spactrograph 

SS IS the jilt systamj EE, the electrical fleldj M, the mognelic field) and SC ij the icreen or photographic plate, 
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TABLE 12 

Isotopes of Some of the Elements * 


Element 

Hydrogen 

Helium 

Lithium 

Beryllium 

Boron 

Carbon 

Nitrogen 

Oxygen 

Fluorine 

Neon 

Sodium 

Magnesium 

Aluminum 

Silicon 

Phosphorus 

Sulfur 

Argon 

Potassium 

Calcium 

Titanium 

Iron 

Cobalt 

Nickel 

Copper 

Zinc 

Arsenic 

Selenium 

Bromine 

Krypton 

Rubidium 

Strontium 

Zirconium 

Sliver 

Cadmium 

Tin 

Antimony 

Teilurium 

iodine 

Xenon 

Cesium 

Barium 

Gold 

Platinum 

Mercury 

Lead 


Mass Numbers of Isotopes 
(lu Older of abundance) 

I, 2, 3 
4,3 

7, 6 
9 

II , 10 
12, 13 
14, 15 

16, 18, 17 
19 

20 , 22 , 21 

23 

24, 25, 26 
27 

28, 29, 30 
31 

32, 34, 33 
40, 36, 38 

39, 41, 40 

40, 42, 43 
48, 46, 47, 49 
56, 54, 57, 58 
59, 57 

58, 60, 62, 61, 64 

63, 65 

64, 66, 68, 67, 70 
75 

80,78, 76, 82,77, 74 
79, 81 

84, 86, 82, 83, 80, 78 

85, 87 

88, 86, 87, 84 
90, 92, 94, 91, 96 
1 07, 1 09 

1 1 4, 1 1 2, 1 1 0, 1 1 1 , 1 1 3, 1 1 6, 
106, 108 

120,1 18,1 16,119,117,124, 

122, 1 12, 1 14, 1 15 
121, 123 

130, 128, 126, 125, 124, 122, 

123, 120 
127 

132, 129, 131, 134, 136, 130, 

128, 124, 126 

133 

138, 137, 136, 135, 130, 132 
197 

195, 194, 196, 198, 192 
202, 200, 199, 201, 198, 
204, 196 

208, 206, 207, 204 


* Tn most inatances radioactive isotopes have not 
been included 


spectrograph analyzes a beam of light, 
Aston’s device has been called the mas? 
spectrng) aph 

5 Aston's Determination of Isolopes 

The robiilts seemed by \sl,on’s ouginal 
mass spcctrogiaph indicated that the masses 
of the atoms of all elements aio whole num- 
beis when lepresented on the usual seale ol 
atomic weights This was tuio in all cases 
except hydiogen for which the usually 
accepted value of 1 008 appealed to be coi- 
rcct Latei results, howevei, pioved that 
this hist conclusion was incoiiect When 
Aston’s aiipaiatus and methods weie le- 
fincd and modihed so that the lesults weie 
accuuite to one pait in ten thousand, it was 
found that the mass of an atom ol eaeli of 
the isotopes of some elements was shgliUv 
less tiian a whole number as eoiniiaied to 
oxvgen Foi otheis, the mass was iouiul to 
be slightly greater than a whok' numbei 

A libt ol the isotopes ol some ol the inoie 
common elements is given m Table 12 The 
different isotopes ol an element aie idiniti- 
hed by their mass numbei s, that is, the 
whole iiumbeis neaicst thou atomic, wcughts 

6 The Packing Effect 

Table 13 lists the masses ol atoms of some 
of the isotopes ol the lighter ckunents It 
will be notcxl that the mass ol any atom 
diffeis slightly fiom a whole numhei' In 
some cases it is slightly gicatci and in olheis 
slightly less than a whole numliei Aeeoid- 
ing to the theoiy of nueleai stiueture tliat 
has alicadv lieen piesented, tin' nucli'iis of 
iiiiy atom (e\(,ept hydiogen) is eoiriposi'd ol 
iK'utioiis iitid piotoiis /Vii exaiiiiii,il ion ol 
the values ni 'halile Id, luiwevei, sliows Ilia I 
the actual inas.s ol the alom does not eoi- 
lespond to the total mass ol the iiiotoiis and 
neutions that the atomic nucleus is as.sumed 
to contain, although we do not know ol 
any othci particles that could act as units ol 
the stiuctuie of the nucleus Tlieiefoie, 
if we still assume that the nucleus contains 
only piotons and neutions, we must assume 
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TABLE 13 

Masses of Atoms of Isotopes 


Elemenf 

Mass Number 
of Isotope 

Moss of Atom 


(by physical methods) 

Lithium 

6 

6.0167 


7 

70180 

Carbon 

12 

12 0036 


13 

13 0076 

Nitrogen 

14 

14 0073 


15 

15 0048 

Neon 

20 

19,9986 


22 

21 9985 

Magnesium 

24 

23 9938 

Chlorine 

35 

34 9796 


37 

36 9777 


that these particles suffer a slight leduction 
of mass when they are packed together to 
foim the nucleus of an atom This loss of 
mass IS called the packing pffecl As we shall 
show m the following sections of this chap- 
toi, theic IS piool that the mass that is lost 
IS conveited into eiioigy 
If the packing effect upon the masses of 
protons and neutrons is leal, one would 
Dxpoct the effect to vary somewhat in differ- 
ent atoms An examination of the masses of 
atoms, as shown in Table 13, shows that the 
effect docs vaiy The effect is about the 
same ioi the isotopes of one element, but 
when we compaie the losses of mass foi the 
isotopes of one element with the losses for 
the isotopes of anothoi element, we find 
marked diffeieiices In the atoms of 
chlorine, for example, the loss of mass by 
piotons and neutrons appears to be gieatei 
than the loss m atoms ot lithium 

7. The Equivalence of Mass and Energy 
About 1905, Einstcm suggested that mass 
and eneigy arc equivalent and that the 
quantity of energy E eciiiivalcnt to the 
mass m could be calculated by the equation 


E = mf7, 

where c is the velocity of light This prin- 
ciple suggested many interesting possibili- 
ties For example, the nucleus of an atom 
must be a stable system, otherwise it would 
not exist Since it is stable, eneigy must be 
expended in scpaiatmg the different parti- 
cles that compose it Now if mass and 
energy aie really equivalent, the expenditure 
of energy m breaking up the nucleus of an 
atom should result in an incieasc in mass, 
and hence the combined weight of the free 
protons and neutions produced by the dis- 
integiation of a nucleus should be gieatei 
(,lian that of the nucleus itself The consid- 
ciation of the helium atom, oi rather the 
alpha particle, indicated that tins was tuie 
Tins paiticle contains two protons, each 
having a mass of 1 00758, and two neutions, 
each of 1 00893 ^ The lour particles shoiikl 
have a combined mass of (2 X 1 00758) + 
(2 X f 00893), or 4 03302 mass units But 
as the mass of the alpha paiticlc is actually 
only 4 00280 mass units, it appears that 
4 03302 - 4 00280, oi 0 03022, units of mass 
disappeaied when the foin particles com- 
bined to make the nucleus ot an atom ul 
helium By Emstem’s equation tins quan- 
tity of mass should be equi\ alent to I 5 X 
10“^ cigs ot energy per alpha paiticle Foi 
one gram-moicculai weight of helium, the 
quantity of eneigy involved would be 
2 7 X 10^“ eigs, which is equivalent to 
190,000 kilowatt hours The same ((uaiitity 
of energy would be lequiied to break up the 
nuclei in a giam-moleculai weight oi lichum, 
and this change would be attended, accoid- 
mg to the theory, by a corresponding increase 
in mass as lopiesentcd by the masses of the 
sepaiated piotons and neutrons 

In 1932, expciimental proof of Einstein’s 
theory concerning the equivalence of mass 
and eiiei gy was obtained Lithium was bom- 
baided with high-speed protons It was 
found that aljiha pai holes weie ejected fiom 

^ The Hint of masb used lipic is oiio sivtociith of 
the inai>a of the oxyf'eii isotope th,it has aii atomic 
weight of 16 It IS equal to 1 6603 X gram 
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the atoms of lithium as a result of the bom- 
bardment ^ 

jLh + — >- oHc* -h 2He‘ 

The masses of all the paitlcles involved in 
this reaction aio known from measurements 
made by moans of the mass siioctiog.riiph 
(page 276) The paiticles on the lelt have a 
oombmerl mass of 8 02-11 , while the two 
alpha paiticles (on the light hand side) have 
a combined mass of 8 0056 It seems cci- 
tain, theretore, that in this icactaon there 
is a loss ol 0,0185 unit ol mass, which by 
Einstein’s equation should bo equivalent to 
27 2 X 10~® eigs of eneigy Actually, the 
two alpha paiticles were found to possess 
27 6 X 10~'’’ 01 gs, and their eneigy could 
have been acqunccl only liv some process as- 
sociated with the reaction of the lithium 
nucleus and the inoton Since the theoieti- 
cal quantity of cnoigy calculated from the 
loss of mass by Einstein’s equation and the 
actual quantity of energy icleascd dming the 
reaction chocked very satisl actouly, the 
lesults were considetod as almo.st positive 
proof that mass and eneigy are cciuivalcnt 

The quantities of eneigy released in re- 
actions of the kind we have discus.sed above 
arc enormous as compaicd to othoi known le- 
actions which involve simihu quantities of 
mateuals Foi this reason, physicists dm- 
ing the years ju.st preceding Woild Wai II 
became more and moie inteicsted m the 
possibility oi obtaining energy liy means of 
leacLions involving the comliination of pio- 
tons and ncution.s to foim atomic nuclei or 
by converting one kind of nucleus into an- 
othei 

8 Artificial or Induced Radioactivity 

In 1934, alummuin was made to act m a 
radioactive manner by bombaidrag it with 
alpha pai tides Af tei tlio bombardment bad 
stopped, ladioaetive dismtegiation contin- 

‘ In this and similar equations, the aubs(Ti|)ts used 
U'lircacnt the atomic numhcis and the supersiripts 
the mass numbers of the elomi'iits The mass num- 
ber is equal to the loml lined number of inoLons and 
neutrons in the nucleus of an atom ot the element 


lied for some time and indicated a hali-life 
tune foi the ladioactive element oJ three 
to four inmutcs. Tests indicated that phos- 
phorus, produced by the fusion of aluminum 
nuclei and alpha particles, was the radioac- 
tive element Its atoms disiiiLogiate to 
pioducp silicon and positions (ic“) 

uAl-’’ -f Jic' i5P’» + nui 
ibP'’" ^ iiSd" + le'’ 

In these equations oU^ lepicsents a neutron, 
which has a mass number of 1 and no 
atomic niimbei The position, le", has no 
atomic numiiei, but a sub, script of 1 is used 
to account tor the fact that the loss of a 
positron rc,Milts m a i eduction ol 1 in 1,he 
atomic numliei of the element (uHi™) wliicli 
IS piodticed by the dismtegiation of an atom 
ol uP* 

A radioactive isotojic of soilinm is pio- 
duc(‘d by bombaiding magnesium with 
neutions oi sodium witli ilcuteums (iiuelei 
of deutoniim) 

,Arg^' -h „ii‘ — ^ iiNid' + iIP 
„^'a'^' + iIP — iiNa2‘ + j-p 

The ladioactivc isotope ot sodium that is 
made by eilher ol the,so icaclions liius a hall- 
lilc period of about 15 lioiiis It dismtc- 
giatcs to pioduce ordinaiy magnesium and 
elections: 

uNa"' — >- iiMg^* 4- -le”. 

Element 43, lorineiiy called masununi, 
has been pioduccd by bomiiaidiiig molvlxh'- 
num with neutions oi deuteioiis Tlie new 
name technelium has been suggosU'd loi tins 
clement Eleiniuil 85, tcnmerly ciillc'd iila- 
bainme, has been luiidneed by the bombaid- 
meiit ol )ii,siimth with alpha piulieles It is 
a ladioaetivo memliei ol t,iie halogen laniilv 
The name (nlnlino has iis'entlv been sng- 
ge.sted loi it Theie seems to Ix' strong evi- 
dence tliat isotopes 111 this ekuneiit inav oerm 
natiually among the disuitegiaiion pioduets 
ol the luanuim, thorium, and aetimum senes 
ol ladioactivc ch'incnis 

Radioactive isotopes of almost all the 
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elements have now been pioduced by meth- 
ods similai to those desciibcd above. Some 
of those disintegrate to produce stable nuclei 
by emitting positions, some emit electrons; 
and a few emit alpha particles 

9 The Cyclotron 

This is a device by which piotons and deu- 
terons ol high velocity aic obtained foi use 
in bombaidments of atomic nuclei It con- 
sists (Figuie 145) of a eiieular brass box, 
built in two sections, which are connected 
by means of an insulating material The 
two sections are chaiged, one positively and 
the othei negatively, and the box is placed 
m a poweiiul magnetic field Protons oi 
deuterons aie introduced into the center ot 
the box, where they raor'e m a ciicular path, 
unclei the influence of the magnetic field, as 
all similailv chaiged particles do A posi- 
tively charged paiticle is attracted by the 
chaige on the negatively chaiged section of 
the box {A, Figure 145), and it is repelled 
by the otliei section (B) As the particle 
loaches the gap (Gi) between the two sec- 
tions, the chaiges aic leveised, le, A be- 
comes the positive and B the negative sec- 
tion This revel sal of charge produces an 
acceleration m the velocity ot the particle 
and, as a result, the circulai path in which 
the ])aiticle moves increases m ladius Since 
the cliaige is rcvoisod each time the paiticIe 
crosses the gaps, Gi and Gi, the path becomes 
a spiral of ever-increasing radius Fmally, 
it leaves the ciiciilai box at DW with its 
maximum velocity, which may be as great as 
25,000 miles pei second, depending upon the 
stiength of the magnetic field Magnets 
weighing 80 to 100 tons aie u.sed, and even 



larger ones are planned The moie powerful 
the magnet, the more times the particle can 
be made to cross the gap, and the greater its 
velocity may become The high-speed par- 
ticles thus obtained aie then used to bom- 
bard materials containing different elements 
foi the purpose of producing tiansmutations 

10 Tracer Elements 

An interesting development of recent 
years has to do with “tracer” chemistry 
The artificially radioactive isotopes of some 
of the elements have been especially useful 
m this work If, for example, we wish to 
trace the course followed by atoms of phos- 
phoius through a senes of reactions involv- 
ing several precipitations, crystallizations, 
and other processes, we may piepare as the 
staitmg material a compound containing 
some oidmary, stable atoms of phosphorus 
and some atoms of its ladioactive isotope 
As the two kinds of atoms have identical 
properties, they will remain mixed in a 
definite proportion throughout any senes 
of changes in which phosphorus may be in- 
volved Because of the radioactivity of 
some of the atoms ot phosphorus, the pres- 
ence ot this element can be detected very 
easily by means of any of the devices, such 
as the electroscope, that are used to detect 
the rays pioduced by radioactive substances 
We may be certain that any precipitate or 
batch of crystals that e.xhilnts radioactivity 
contains at least a part ut the phosphoius 
present m the onginal matenal Tiacci ele- 
ments have been especially helpful in the 
study ot many biological piocesses By 
using the laclioactive isotope of phosphorus 
mixed With ordinal y phosphoius m the foitn 
ol a pliosphate that is incoiixuated with 
tood matenal, it is possible to deteimine 
not only the time lequiied tor that element 
to become a pait ot the phosphate structuie 
ot the bones of the body, but also the time 
that elapses befoie phosphoius in food 
passes thiough the diffcient phases ot metab- 
olism and IS eliminated from the body 
Similaily, we may study the circulation ot 
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the blood by injecting into the blood stieam 
a solution of sodium chloride, if some of the 
sodium atoms are ot the ladioactive isotope 
of that element (page 279) Deutexium 
and the heavy isotope of caibon and nitrogen 
(bC^® and vN^'’) have all been used as “ tracer” 
elements in biological research 

1 1, Nuclear Fission 

Natural uranium consists of the three 
isotopes, which, in accordance with the sys- 
tem explained in the footnote on page 279, 
we shall lepiesent as oaU'*®'*, 92 X 1 ^^'’, and 
The quantity ol the U-238 isotope in metal- 
lic uranium is 140 times gieatei than that of 
the U-235 isotope and about 16,550 times 
greatei than the quantity ol U-234 The 
three isotopes have almost identical chemical 
pioperties, but they dilfei considerably m 
the effects resulting from the absorption of 
neutrons by their nuclei We shall be con- 
cerned at this time with the effect of neutron 
absoiption upon the nuclei of U-236 and 
U-238 

When a neutron is absoibed by a nucleus 
ot U-236, that nucleus is split into two 
smaller nuclei of about the same size and 
from one to three neutrons All of the lib- 
erated particles possess 1 datively large 
quantities of kinetic energy A change of 
this kind m which an atomic nucleus is split 
into two fiagments ot about the same size is 
called nuclear fission The nuclear frag- 
ments are nuclei of radioactive isotopes of 
elements having atomic numbers from 34 to 
57 Figiiic 146 shows the fission of a ura- 



nium nucleus to foim the nuclei of barium 
and krypton 

The neutrons ejected during the fission ol 
a single U-235 nucleus may (f ) escape into 
the sm roundings, ( 2 ) be absoibed by the 
nuclei of other U-235 atoms, 01 (3) be ab- 
sorbed by U-238 nuclei or by impurities 111 
the sample of metallic uranium 

The neutrons that aie absorbed by U-235 
nuclei may cause the fission of those nuclei 
The fission of each nucleus liberates fioin one 
to three additional neutrons which may be 
absorbed by other U-235 nuclei, thus causing 
the piocess to be lepeated again and again 
A self-propagating leactioii of this kind is 
called a chain reaction If moic neutions are 
absorbed by U-235 nuclei than aio lost to the 
surroundings oi absoibed by U-238 and im- 
puuties, the fission of U-235 nuclei will con- 
tinue at an increasing late, and lission will 
spread throughout the whole mass of the 
sample of metal The energy leleased is m 
the form of kinetic energy of the iiailieles 
pioduced, and hence is actually heal, (uieigy 
It is therefore quite likely that, unless the 
leaction is controlled in some way, the heat 
liberated will quickly become sufficient to 
vaporize the entiic sample of uranium and 
even .suriounding objects, 

Some of the neutions that aii' captured, 
or absorbed, by U-238 nuclei con veil that 
element into neptunium and finally into 
plutonium by a senes of changes winch is 
summanzed m the equations 

92U2^ + 92U23« -b -ie“ 

oaNi)» — 

in which -ie° is used to designate an ordauu y 
electron ^U^™, an isotope of uiariiiun, 0 iNj)"'", 
and mPu"'* aie all ladioactive The (11 st two 
decay lapidly but oiPu-*" disintegrates very 
slowly as follows 

g,Pu2M 

The late of disintegration of plutonium, 
94 Pu 2 ^®, is so slow that we may consider it, 
for all practical purposes, as a stable ele- 
ment When plutonium nuclei absorb 
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Figure 147 Cham Fission Reaction 

M, moderator (graphite) to slow neutrons, n, neutrons, F, fragments of fission of U-235, atoms of elements in middle portion 

of periodic table, Pu, plutonium 


neutroiih they may undergo fission in the 
same manner as U-235 nuclei 

The iieutions liberated by the fission of 
U-235 have such high velocities that they 
aie not veiy effective in causing the fission 
of other U-235 nuclei oi m convcitmg 
U-238 into ne]5tunmm and plutonium It is 
highly desiiable that they be slowed down 
to a velocity that will make then absoiption 
by U-235 nuclei most likely to result m 
fission, il the chain leaction is to be con- 
tinued To accomplish this puiposc the 
reaction may be earned out in a graphite- 
uiamum pile instead of pine uianuim metal 
Graphite causes neutrons that pass thiough 
it tu be slowed in velocity, but it docs not 
absoib them to a significant extent A pile 
is a stiuctuie consisting of blocks of graphite 
and lods of metallic uranium, which are in- 
serted in openings between some of the 
blocks Alter the neutions have been slowed 
by the graphite mudciaior theie is a higher 
probability that, when they again pass into 
the uranium, they will cause the fission of 
any U-235 nuclei that may absoib them 
(Figuic 147) 

Unless it IS conti oiled, the reaction may 
become I'ery lapid, and the tempcratuie may 


leach a point at which the entire pile may 
be vapoi ized . To pi event this f i om happen- 
ing, rods of cadmium or of some other ma- 
terial may be insei ted in openings in the pile 
provided for this purpose Cadmium ab- 
sorbs neutions and therefore reduces the 
number that can be absorbed and produce 
fission of U-235 nuclei 

A giaphite-mannim pile libeiates large 
quantities of heat The products of the 
fission of U-235 nuclei have a combined mass 
that IS about 0 1 pel cent less than, the mass 
of the oiigmal atoms Foi one pound of 
U-235, tlie loss of mass duimg fission has 
been estimated as equivalent to a sufficient 
quantity of eneigy to supply all the powci 
required by a city ot 25,000 persons for an 
entile yeai Sometime m the futuie, this 
energy will probably become available for 
industiial puiposes 

If and when nuclear fission becomes a 
piactical source of industiial energy, piles 
such as those we have described will be used 
To ptoduce atomic bombs foi military pui- 
poscs, pmo U-236 or plutonium must be 
used In ordinary metallic uranium there 
are too many U-238 atoms which absorb 
most of the neutrons, thus inteifermg with 
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the fission of 11-235 nuclei. The separation 
of TJ-235 from U-238 is very difficult The 
two isotopes have almost identical chemical 
piopcitics, hence chemical methods of scpa- 
lalion cannot be used One method that 
has been used voty G\den.sively depends 
upon the clilfercnoe in the rates ot rlilhision 
through a baiiici of uranium hevafliioiido 
molecules containing atoms of 11-235 imd 
U-238 Since the U-235 atoms aie lightei, 
the molecules containing them diUusc more 
rapidly through the barrier than molecules 
containing the hcaviei atoms of U-238 
The fiist portion of manium hevafluoiide to 
diffuse through the baiiier is iichei, theic- 
foie, m U-235 than the ougmal mateiial 
This poition is allowed to diffuse again, and 
the process is lepeated many times m oidei 
to get complete sepiuation 

To pioduce an evplosion, two portions of 
U-235 roust be bi ought very quickly to- 
gether, and the combined mass of the two 
portions must be such that the production 
of neutions by hssion will exceed the numloci 
lost by escape 

Plutonium for use m bombs is produced 
by the absoiption of neutions bv U-238 
nuclei in an uianium-giaphito pile Since 
plutonium IS a dilfeient element from 
uranium, and consequently has quite differ- 
ent chemical piopoitic.s, the two elements 
can be separated by chemical ractliods 

The discovciy of a fissioniible isotope ol 
neptunium, rcceiitlv been an- 

nounced 

12 The Transuranium Elements 

Neptunium and plutuiiium (page 281) are 
ficquently reteiicd to as tiaiisuiamum ele- 
ments because they have atomic niimbeis 
gieater than 92 and theicloic he lieyond 
uranium m the periodic table Tlic atomic 
number of neptunium is 93 and that of 
plutonium IS 94 The chemical piopcities, 
including the different oxidation states of 
each element, have been determined Many 
of the compounds of plutonium weic pie- 
paicd and studied in the work involved in 


the separation of plutonium from uranium 
duiing the development of the atomic bomb 
project Several compounds of neptunium 
have also been made 

Elements 95 and 96, oi at least isotopes of 
these elements, have lieen pioduced liy th(‘ 
bombardment of U-238 and Pu~239 witli 
higlmspeed helium inn.s Element 95 is called 
amenmm, ojAm®'' It is iiiclionetive, eimis 
alpha pai tides and has a hall-lile jieiiod of 
about 500 years Pure ameiicium hvdioxide 
has been prcpaied and some of the eliemical 
properties of the clement have been studied 
Element 96 is called cuniim, or.f'm’"’ and 
’Phe two isotopes of this denmuit 
aic radioactive Both emit alpha pai tides 
and have half-lile periods nl oiu' moutli and 
five months, icspcetively A new isotope 
of plutonium, 9 iPu-“, has lecontly been pro- 
duced bv bombaidiiig U-238 with alpliu 
pmtido.s This isoLojie emits elcdiuns and 
foims an isotope oi ameiicimn dining ladio- 
active decay 

Studies of tlic propc'i'ties of the tiaiisui.i- 
mum dements indicate thiil. ilu'V aie the 
first memlieis oi a gioup of dements m tlu' 
seventh iieiiod that coiiespoiids to tlu' liiie- 
caith gioup beginiimg with lanlhaiuim and 
including elemeiiLs 57-71 in tiu' sixtli iK'riod 
The seveiitli-iieiiod gioiip ht'gms witli ac- 
tinium, No 89, and includes tlioiiuiu, inoto- 
actinium, uranium, iieptumiim, plutonium, 
ameiicium, and curium 

Review Exercises 

] Dosciibe till' iimss spccUogiiipli Pm what 
jmiposc is it used'' 

2 Desoiilie Tlimnson’s exjici iiiicnl s nliiiTi ic- 
RiiUod m tho discovc'i y ol isolnpis ol Llu' iioii- 
ladio.icluc elcinenlh 

3 How aic isoloiie-i dillciciit and how luc th(‘y 
biimlai''’ Whv aic they ila'-silii'd as vaiicties 
ol the same iTcinciit^ 

4 What IS meant iiy the ‘ piuking efieit'"'’ 
What evidence indKates that tins dfeot is 
leaU 

5 What conduhion is drawn liom tho fact that 
the atomic weights of all the elements aie 
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approximately whole numbeis, when we con- 
sider the isotopes of diffeient elements? 

6 , The atomic weights of the isotopes of an 
element whose atomic numbei is 38 are 88 , 
87, and 86 What is the composition of the 
nucleus of each of the isotopes? 

7. Three isotopes of oxygen are now known 
The lelatiYe masses of the three kinds of 
atoms are 16, 17, and 18 Aie the chemical 
methods of deteimniing atomic weights bavsed 
upon the isotope of mass number 16 or upon 
a mixture of all three? Would theie be any 
considerable difference between the values of 
atomic weights based upon the isotope of 
mass 16 and those based upon the mean 
atomic weights ot the thice isotopes'^ Ex- 
plain. 

8 Three isotopes of hydingen aie now known 
The mass numbers of the isotopes are 3 , 2 , 
and 1 How do the stiuctuies of the atoms 
of these tliiee kinds of hydrogen differ? 

9. If the atomic weight of neon, as usually meas- 
ured, is 20 18, and if its two isotopes have 
masses of 20 and 22 , what is the latio of the 
two kmds of atoms in a sample of neon’ 

10 What evidence indicates the equivalency of 
matter and eneigy’ 

11 , What changes occur in the formation of 
aitihcially radioactive elements’ What 
changes occui when elements undergo fission’ 


12 What are the transuiamum elements? Why 
are they so called? 

13 What IS a chain reaction’ Explain the use of 
this term m connection with the fission of 
H-235 

14 How can the speed of the fission of IJ-235 
be controlled? 

15 How are the artificially ladioactive isotopes 
used as tiacers? 

16 Explain the significance of the subscript and 
the superscript m tbe expiession 52 !!“^ 

17 Explain the meaning of the following equa- 
tion 

18 Since there are three isotopes of oxygen, how 
many different kinds of molecules of oxygen 
are present m the air? 

19 iSuggest possible methods of separating the 
isotopes of chlniine 
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Coal IS a portable dimala 

EMERSON 


1. Occurrence 

Carbon occurs in nature in the free state 
and in many compounds Althoug,h it con- 
stitutes only about 0 03 per cent of the 
eaith’s crust, the vast imiiortance of this 
relatively small amount of the element is 
indicated by the ‘100,000 oi moie carbon 
compounds which OYist nuturallv or which 
have been propaied Tims i.s appro vimatoly 
ten tunes the number of compound, s of all 
the othei elemenls jiut toftethei The 
human body, like every other oiganism, is 
made up of carbon compounds Caibon or 
caibon compounds furnish us with practi- 
cally all of our food, fuel, and clothing In 
addition, this element piovides most of the 
energy toi oui industrial activities, and it 
IS also used in many nidus tiial processes, 
such as the leduetion of metals fiom then 
ores With oxygen and hydrogen it ranks as 
one ol the thiee oi four elements most im- 
portant to the existence of man 

Caibon dioxide is the most familiai of tlie 
gaseous compounds of carbon It is pio- 
duced by oxidation in the body and is re- 
moved thiough the lungs Exhaled an con- 
tains moie than 140 times as much caibon 
dioxide as inhaled air Large quantities of 
it are also thiown into the atmospheie by 
household or industiial furnaces in which 
wood, coal, coke, oil, or gas is burned To 
offset the additions to the atmospheie fiom 
these somces, plants remove caibon dioxide 
fiom the air, using it as one of the law ma- 
terials from win ch they manuf actiu e starches, 
sugais, and related substances Petroleum 
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is composed almost entiiely of compounds of 
caibon and hydrogen These compounds are 
called hydrooaibons The many pioduots of 
tlie petroleum lefining mdustiy — gasoline, 
kerosene, fuel oil, motor oil, jiptiolatura, 
paiaffin — aie mixtures of hvdrocai lions 
Natural gas, also, consists ol hydiociubons, 
paiticulaily methane, CH,i The carbonates 
aic often impoitant souice.s ol some oi th(‘ 
metals, and two of them, ealciuin and mag- 
nesium caibon.ite, foim vast deposi(,s ol 
sedimentaiy rocks, called limesfones and 
dolomites Calcium caibonato is also the 
])imeipal constituent of chalk, coral, and the 
shells and skeletons ol many aipiatie loims 
of life 

Free caibon is found in sovei al forms ( 'oal 
contains the liee element, also hydroc,ubons, 
and othei moie complex oarlion comiiouuds 
owing then origin to the jilanls liom which 
the coal was foimed Anthracite coal con- 
tains a much laigei percentage of fioe caibon 
than bituminous Coke which is made by 
the distillation of coal, and chaicoal which 
IS made by the distillation ol wood, ate pnie- 
tically pme loims ol caibon, exceiit, lor tho 
mineial mattei that foims ask wlu'U tlu'y 
arc burned Lampblack and soot aie also 
composed of caibon Hinoke is black when it 
contains particles of carbon and oilu>r dark- 
colored mateiials that have escaped com- 
plete combustion 

Free carbon occurs in three forms. One 
of these is the foim of the mateiials men- 
tioned m the preceding paragiaph — coke, 
charcoal, lampblack; these are usually 
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clatisihcrl as amoiphnus (noii-ciystalhnc) car- 
bon, iilLhoiigli at least somo ot tlicm aic 
composed of vciy small ciystals Diamond 
and (jtaphile, two allotiopic foims ot tree 
carbon, aic both crystalline 

DIAMOND 

2 History and Occurrence 

In 1811), Davy proved that diamond is a 
foim of piiio carbon by converting it into 
caibnn dioxide Ho found that the weight 
of cadion dioxide piodiicad by the oxidation 
of diamond coiiespoiided to the weight of 
the entile quantity of diamond consumed 

C + (),, — >-ro, 

12 g :i2g 44 g 

Lcnnant had pieviuii&ly found that the 
diamond contains oaibon and that it bin ns 
in pme oxygen to jiroduce cailion dioxide 
The earliest diamonds of which we have 
any i ecord wci e 1 omid in India In the eai ly 
pait oi the eighteenth century mines weic 
opened in Biazil Howevei, both these 
sources weie oveishadowed in impoitance 
when, in 1867, diamonds wcie found in 
South Afuca The fust of the Afiican 
diamonds was discoveied quite by accident 
on the banks of the Otange Rivei, wheie it 
had ]iu)bablv been deposited in the mud left 
liy the flooded stream A few years later 
the famous mines near Kirabeiley were 
opened Heie diamonds occui m very deep 
Veitical “pipes," which are probably the 
necks of old volcanoes The diamonds are 
embedded m a locky mass of mateiial which 
fills the “pipes" and which is called “blue 
ground” Fiee caibou was jirobalily bb- 
eiated by the i eduction of its compounds 
when the malcrial composing “blue giound” 
was still hot Subsequent cooling under 
high piessuies resulted m the ciystallization 
of the element in the form of diamond 
Shafts with blanching tunnels and galleries 
are sunk into the matci lal filling a pipe The 
“blue giourid’’ lemoved fiom tins shaft is 
crushed, and the diamonds aie separated by 


shaking Water is added to lemove the 
lighter poitions of eaith This gives a 
“ concentiate " in which the diamonds aie 
collected From this the diamonds are com- 
pletely separated by carrying olf the worth- 
less materials in a stieam of water which, 
mixed with the concentrate, flows over plates 
coveied with grease Diamonds are caught 
anil held by the giease, which has moio 
attiaction for them than watei has 

Tlie woild’slaigost diamond mine, the Piermer, 
was opened m the Tiansvaal in 1903 This is an 
extiemely large pipe lieie was found, m 1905, 
the Largest diamond yet discoveied This uncut 
stone ivas called the C’ulhnan diamond It 
weighed 3026 cai ats, oi a little inoi e than one and 
one-thiul pounds It was piesented to the 
King of England and was later cut into a mimbei 
of gems Two of them, weighing about 616 and 
310 caiats, aie among the laigest out stories in 
the wo lid 

The value of a diamond depends upon its 
weight and freedom from flaws and impurities 
Its weight IS expi essed in cai ats A cai at is about 
0 2 g. Although uiiifoiniity of color is of gieat 
impoitance, colonng may enhance lather than 
dcciease the value The Floientiiie diamond is 
yellow, and the Hope diamond is blue Small 
dianioiids, inferioi in value and badly coloied, 
can lie pioduced aitificiaUy Moissan was the 
fiist to pioduce them In 1893, he dissolved 
cat bon in melted non and poured the liquid into 
watei A cui&t ot solid fniined, enclosing a mass 
ot still Iniuid mateiial As the mteiini cooled, 
enormous piessure developed due to the expan- 
sion of lion, contaimng dissolved oaibon, upon 
solidification As the non ciystalhzed, some of 
the caibou separated and this formed tiny dia- 
monds undet the influence of the high piessuic 
iiiside the mass of non The non was lemoved, 
hiially, by the addition of hydiochlono acid, in 
which diamond does not dissolve although non 
docs This method of pioducuig diamonds ha,s 
not proved practical, and hence is m no way 
a compelitm of the “natuial” chamond industry 
Pa'^te ’ ihamonds aie meie imitations, made of 
glass and cut m the same designs as diamonds 

The density of diamond is 3 5 g pei cc It 
IS veiy brittle and m haidnesa laiiks above all 
other natural substances. Some of the cai- 
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bides (binary caibon compounds) me also 
e\tiemely hard hlvcn Ihc diamond may be 
sciatched by the carlnde of boron, and 
tungsten caibidc has licen used in the jilace 
of disooloied diamonds in the teeth of stone- 
saws The oaihide of silicon (Si('), is also 
veiy hard and is used I oi gi mding and polish- 
ing Diamond is inactivi' and insists the 
action of most substances whieli attack vigor- 
ously othci foims of the element and also 
its compounds ft begins to Imin in air, 
however, at aliout 900° and in puic oxygen 
at about 700° 

Rough diamoiiils aie iisiiidly not veiy liislioiii) 
The cutting of a lough stone consists in pioduc- 
mg facets whicli me so aiiangcil that light ontei- 
mg the ciystal will lie lefleetod back and foith 
from one facet to anotlici Because ol its high 
nubx ot leiiaction and gtent dispcisuig jimvor, 
diamond bleaks up white liglit into dilfoieiit 
colois Cutting must also In ing out this propel ty 
of the stone 

Black diamonds, inaiiy of which arc (ibtaincd 
m Biaxil, aie called <‘<irl)<>mcda< \ These and 
other liadly coloied stonc's ate set in the teeth 
of saws, 01 ni tlie Inis ol iliills, wlneli aio used 
to out tliumgli stone They arc also used in 
giuiding and polishing hai d matei lals Diamond 
dust IS used to polish diamomlh and other 
pieoious stoncb 

GRAPHITE 

3. Occurrence and Production 

The second ciystullme alloiropic foim of 
caibon is now called graphite It was once 
thought to bo some compound ol lead and 
was called plutnhago Native giaphile is 
found in many jiaits of the world The 
most impnitant deposits aie those of Ceylon, 
Siberia, Madagascai, and Korea Some is 


also found in Austtia, Geimany, Mexico, 
Canada, Italy, and the United States (New 
York) 

Any form of caibon vaponzos when heated 
to a tempciatnie of about 3500° m the ab- 
sence of an; upon cooling, the vapor con- 
denses to foim ciystals of giaphite The 
commercial production of guiphito is based 
upon this piinciple The Acheson process is 
used at Niagara Falls to make giaphiln on 
a large scale from coal An clectiic fin mice 
(Figmc 148) IS employed to heat a ehaigt' 
consisting of coko and lumps of hard coal 
A small coiitial core ol finely giamilatcd 
carbon connects the electrodes and acts as 
a conductor of the ciuient, since the coarse 
lumps of coal conduct veiy pooily The 
charge is coveicd with a laycu composed of 
sand and caibon to exclude the aii An 
alternating current supplied by a geneiator 
passes through the chiuge and, because ol 
the icsibtance, hbeiates enormous quanti- 
ties of heat, which causes tlie convi'ision ol 
the caibon iii the coal into giaphite heme 
oxide acts as a catalyst m the tiansloimation 
Coal usually contains a sufficient (pianlity of 
this substance to render the ehangc sulli- 
ciently lapid 

4 Properties and Uses 

The density of giaphite is 2 2 g iiin cc. 
It IS veiy soil, so soft tluit it leaw's maiks 
when nibbed acioss a sheet ol jiapei The 
name graphite, trom the Cieok woid which 
means “to wiitc,” was given to the sub- 
stance because of this pi opei Ly It conducts 
the cunent oi electiicity better than any 
othei form of eaibon Like diamond it is 
chemically ineit, resist ing Ihe ail nek of 
most icagents It bums m oxygen at a 
tempciatuie around 700° 



Figure 14B The Production of Grophite in the Electric Furnace 
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Because of its chemical inactivity graphite 
is used to make cuicibles ui which metals aie 
melted in the manufacture of alloys and high- 
giade steel A mixture of graphite and clay 
IS used to make the crucible, the clay acting 
as a binding agent for the crystals of graphite 
and lendei ing them somewhat more resistant 
to oxidation at high temperatuics It is also 
widely used in the manufacture of electrodes, 
blushes, and othei paits of electiical devices 
Powdeied graphite is used to coat wax molds, 
which aie later used as electrodes foi the 
deposition of metals This is the method of 
producing the plates used in the electrotyp- 
mg process of printing Graphite is an im- 
poitant lubi leant because of the tendency 
ol its small crystalline plates to slide ovei 
one another undei faction It is used to 
lubiicate wooden parts of machines and also 
metal beaiings which are exposed to sand 
and dust or high tempeiature, which would 
render a lubncating oil valueless Suspen- 
sions of "deflocculated” giaplute m watei 
and in oil are also used as lubricants These 
aie called “aqua-dag” (deflocculated Ache- 
son graphite) and “oil-dag,” respectively 
Giaplute IS also used as a pigment m pamts, 
and in stove polish, and as a lining foi foun- 
dry furnaces The “lead” of a pencil is 
composed of a mixtuie of graphite, clay, and 
wax Sometimes, lampblack, silica, and 
other substances are added to produce pen- 
cils of special grades The “hardness” of 
the “lead” depends upon the proportions m 
which the constituents are mixed Soft 
“leads” contain moie graphite or lampblack 
and less clay oi silica than haid “leads” 

5. The Crystal Structures of Diamond and 

Graphite 

Many of the piopeities of diamond and giaplute 
depend upon their lespective crystalline stuic- 
tuies The riystal lattices of the two allotiopes 
aie shown in Figiues 14') and 150, The diamond 
ciystal belongs to the cubic system (page 237) 
Each carbon atom is sunounded by foui othei 
atoms which are located at the corners of a tetia- 
hedrou We may think of each carbon atom as 



Figure 149 The Structure of a Crysfai of Diamond 


joined to tour others and exhibiting, tlieiefore, 
a valence of four m the ciystal just as the ele- 
ment does ill its compounds The cxtieme hard- 
ness of diamond indicates that the valence forces 
in the ciystal are especially stiong In the 
ciystal of graphite, caibon atoms arc ai ranged 
m hexagonal rings ol six atoms each, all of winch 
he appioximately in the same plane The crystal 
may bleak up into relatively thin plates because 
the foices that tie one plane to anotliei aie rela- 
tively weak Foi the same leason the diffeient 
layers easily slide over one anothei The use of 
graphite as a lubricant depend, s upon this featuie 
of its ciystalhnc stiuctuie 
In both diamond and graphite the bonds be- 
tween caibon atoms aie of the covalent, or atomic, 
kind Both are therefoie rathei poor conductors 



flguro 150 The Structure of a Cryfilal of Oraphlfo 
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of the electrical cuirent, although graphite is 
considerably better than diamond Diamond is 
a veiy poor conductor because the valences of the 
carbon atom aie completely satisfied and all 
eleclion.s aie used in uniting the atoms In 
graphite, howevei, the stmctuic indicates that 
only thice of the possible four valences aie em- 
ployed Some of the electrons aie thus unused 
and aic fiee to move under the influence of an 
electiical potential 

The allotiopiG modifications of caibon aie 
characterized by diffeient eneigy contents. 
We should expect such diffoiences upon the basis 
of the ditferenoes m the spacing of caibon atoms 
and the strengths and numbei of the valence 
bonds in the oiystals oi diamond and giaphxte 
The burning of 12 g of diamond to toim caibon 
dioxide liberates 94,300 caloiies, the burning of 
the same weight of graphite liboiatos 94,800 
caloues, 

OTHER FORMS OF CARBON 

Many formH of carbon are said to bo 
amoiphous, although X-ray analysis shows 
that they are composed of ciystals of the 
same stiuctuie as those of graphite. These 
foims, such as charcoal, usually show more 
porous stiuctuies than giaphite oi form soft 
and very bulky powders The most im- 
pel tant forms of amoiphous carbon aie coal, 
coke, charcoal, lampblack, gas carbon, and 
bone-black 

6. Coal 

The industry of the world depends largely 
upon coal for its supply of energy This 
energy is released by binning the coal be- 
neath boileis in which steam is geneiated 
The eneigy of expanding steam is then con- 
verted into electricity oi into mechanical 
forms of energy, such as the levolution of 
wheels Not all the energy which industry 
uses comes from coal, but this source, at 
present, is by far the most important Fuel 
oils and gases are often used m place of coal 
to generate steam in boilers and in Diesel 
engines, in internal combustion engines, and 
even m household furaces Water power, 
also, is an important source of energy. Other 


sources of energy, such as the heat of the 
sun, the tides, the winds, and ocean waves, 
have been suggested, and some of them aie 
utilized to a limited extent It is now pie- 
dictcd that “atomic energy” will be avail- 
able foi large-scale indiistiial utilization in 
the relatively near future 

Because of coal’s impoitance as a fuel, 
the industrial prosperity of a countiy de- 
pends in large measure upon that country’s 
supply of this mineral The woild pioducos 
about one and one-half billion tons of coal 
each year The United States pioduces 
about 650,000,000 tons annually fiom the 
deposits found in Pennsylvania, West Vii- 
gima, Indiana, Kentucky, Illinois, and 
Tennessee 

The oiigm of coal goes back to an (uuly 
geological age, when some parts ol the earth 
wcio coveied by moie dense vegetation than 
that with which we aie famihai This vege- 
table mattei collected in deep layois, and, 
ultimately, was convei ted mi,o bod.s of coal 
Decay was pi evented by geological changes 
that submerged the deposits licncath the 
sea and covered them with layois of sedi- 
ment, thus excluding the an Ohcmical 
changes then slowly converted the deposited 
vegetable matter, first into what wc call 
peat, then into hgmte or brown coal, then 
into bituminous oi soit coal, and, if the 
piocess continued long enough and under 
the pioper conditions, finally into anthacite 
or hard coal This process is called carbon- 
ization, since the slow changes that occui 
lesnlt in the liberation of the hydiogen, oxy- 
gen, and nitiogen oiigmally present in the 
plants and in an inciease in the percentage of 
carbon Table 14 .shows the relative amounts 
of these elements, and also the peiccntagc's ol 
uncorabmed water and ash, in wood and m 
the different forms of coal Increased plea- 
sures and temperatures have undoubtedly 
influenced carbonization in many deposits of 
coal Many of the changes involved in the 
production of coal fiom vegetable matter 
have occurred, of course, after the deposits 
have been elevated above the sea by geo- 
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Analyses of Different Kinds of Coal* 


(Percentages) 



■•■TliD analyses given in this table are lepiesentiitive values and are not to he coiibidoicd us inclieuting tho pei- 
ceiitagcs of the various oonatituents to be found ni evciy sample of fuel in a ceitam class The peieeiitages of 
watei and ash are especiallj likely to viiiy ovci wide langes The lolatile matter refeis to the gases that aio 
liberated upon lienLing dried samples of coal, some carbon is thus removed as volatile compounds containing 
hydrogen and other olements Fixed cm bon refers to the carbon that is not volatilized upon lioating, it icinains 
as tho free element 1 B T U = 252 caloiies 


logical changcb which aie slowly but giadu- 
ally, evon now, changing the shapes of con- 
tinents and oceans Coal, especially the 
bituminous vaiiety, contains many diffeient 
compounds, many of which have not been 
identified definitely 

7. Coke 

When coal is heated in the absence of air, 
the volatile constituents aie driven off, leav- 
ing behind fiee carbon and the mmeial sub- 
stances which constitute the ash when coal 
IS bullied The lesidue is called coke The 
coal IS said to be desLi uclivelij dishlled Dur- 
ing the conversion of coal into coke, many 
of the lathei complex compounds found m 
coal and containing caibon, oxygen, nitio- 
gen, and hydrogen aie broken down into 
simple and more readily volatile substances, 
which aie distilled The extensive amounts 
of coke used in the production of water gas 
(page 111) and in the metalhugy of iron, 
wheic it IS employed to leduce the oxides of 
iron to the free metal, make the coke in- 
dustry one of gieat impoitance Some coke 
IS used as a household fuel, wheie its high 
heat value and its combustion without the 
pioduction ot smoko make it very desiiable 
Its use is lestucted, however, because of its 
price and because it is difficult to ignite As 
conipaied with coal it is not easily ignited, 


because it contains none of the volatile sub- 
stances, which have low kindling tempcia- 
tiues, and which are piesent in coal, paiticu- 
laily in coal ol the bituminous vaiiety 
Coke was loimeily produced ontiiely in 
beehive ovens (Figure 151) Tho coal was 
loosely placed in the oven and heated in a 
limited supply ot air The combustion of a 
pait of the coal conveited the lemamder into 
coke The volatile substances wei c allowed 
to burn at the outlet of the oven The bee- 
hive type of oven has now been laigcly le- 
placed by ovens designed to permit the re- 
covery of the by-pioducts distilled fiom the 



Figure 151 Beehive Coke Oven 
















Figure 152 Cross-Seclion of a By-froduct Coke Plant 

N, section through retort (B) as seen from one end M, a section taken lengthwise of the retorts The coal is fed into the 
retorts through the carriers (A) and is heated by flames and hot gases, produced in C by the burning of coal gas in air that 
has been heated in E, The gases resulting from the combustion pass out through one compartment E, thereby heating it, 
while air is entering through the other The coke (J) is poshed out of the retort by the pusher (H) into cars (K) where it is 
quenched The coal gas passes out of the retort through F to the various units of the purifying plant 



Courtesy of Kopycra Conalruciion Company 


Figure 153 A By-Product Coke Oven Plant 
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coal The&e products include ammonia, 
coal gat, (con&i&tmg principally of hydro- 
caibons), benzene, toluene, and coal tar. 
Many substances used in the manufacture 
of dyes, drugs, and other chemicals are ob- 
tained by further distillation of the tar. 

Coke ovens which allow the recovery of 
the volatile parts of the coal aie called “by- 
pioduct” ovens A diagram of such an oven 
is shown in Figure 152 The coal is heated 
by burning a part of the gas produced in the 
operation of the plant Soft, or bituminous, 
coals give the laigest yields of by-pioducts, 
but anthiacite or semi-anthracitc gives the 
best grades of coke When used in metal- 
lurgical operations, coke must be faiily hard 
and strong to withstand the weight of the 
chaiges in the furnaces without ciumbhng 
Colce fiom bituminous coal is usually too 
soft, although a good metalhugical giade 
can be pi oduced if the soft coal is pre-heated 
before it is placed in the coking ovens 

8 Production of Charcoal 
Chaicoal is made by heating wood in the 
absence of air In the process wood is de- 
structively distilled This means that the 
hydiogen, oxygen, and some of the carbon 
and other elements aie lemoved, because 
.some of the mateiials in the wood decompose 
into volatile compounds of these elements 
In the caily history of the industry, piles 
consisting of short lengths of wood were cov- 
eied with earth and ignited A limited 
supply of air burned some of the wood and 
converted the lemamder into charcoal As 
in the beehive coke oven, the volatile ma- 
teiials derived from the wood were burned 
In the modem charcoal plant, non cars 
are loaded with hard woods and pushed on a 
tiack into a large retoit which is heated by 
files underneath The volatile pioducts es- 
cape through pipes in the top of the letoit 
into condensois The liquid which con- 
denses IS called 'pyiohgncous acid From 
it me obtained three very impoitant prod- 
ucts acetic acid, acetone, and methyl 
(wood) alcohol The wood distillation in- 


dustry has suffered greatly from the devel- 
opment of a method by which methyl alcohol 
IS ssmthesized from carbon monoxide and 
hydrogen (page 116) 

9. Properties and Uses of Charcoal 

Charcoal is used in limited quantities as 
a fuel Its greatest use is as a clarifying and 
decolorizing agent foi certain liquids, such 
as sugar solutions, syrups, acids, extiacts, 
vegetable oils, and peti oleum products This 
use depends upon the ability of amorphous 
carbon — particularly chai coal — to adsorb 
certain types of molecules, among which are 
the molecules of substances responsible for 
the discoloration of many liquids which are 
coloiless when puie Adsorption is a surface 
phenomenon in which the molecules are at- 
tracted and held by forces existing on the 
surfaces of particles of the adsorbing agent 
— particles of a solid or a liquid 

Charcoal also adsoibs certain gases; the extent 
to winch it does so depends upon its own physical 
charactei, upon the piopeities of the gases, and 
upon the temperatuie and piessuro Adsoiption 
18 greatly mci eased if the surface of tho chaicoal 
18 extensive, hence finely divided charcoal adsorbs 
much moie gas than laiger particles Tho total 
suiface of 1 ml of very finely powdeied chaicoal 
may be as great as 1000 squaie meteis The 
charcoal made from the sliells of coconut has a 
veiy high adsoiptive capacity The efiect of 
temperature is shown by the use of finely divided 
carbon in lemoving the last traces of an from 
evacuated containeis, the charcoal is placed in 
a tube connected to the contamei, and the tube 
IS then cooled by liquid air. The pies&ure can 
thus be reduced to about 0 00001 mm Tlie 
efteot of the properties of the gas is shown by 
the different extents to which charcoal adsoibs 
chlorine and oxygen The moi e i eadily condensed 
gases — those hquefied at relatively high tem- 
peiatuios and small pressuies — are adsorbed 
to a gieatci extent than others. Chloiine, for ex- 
ample, with a cubical tempeiatuic ol 114°, is 
adsoibed to a much greatei extent at ordinal y 
tempeiature than oxygon, which has a critical 
tempeiatuie of —118°. It is foi this leasoii that 
adsorption by chaicoal in a gas mask is an effec- 
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tive means of lemoTanp; chlorine and certain 
otliei poisonous gases from an If the charcoal 
IS cooled, liowevei, to a tempoiature neai the 
oiitical tempeiature of oxygen, that gas is also 
btiongly adsorbed Chaicoal is aclmiled to iii- 
cieasc its adsoiptivc capacity by heating it m 
hteam, -which bieaks clown the gianules and ic- 
moves gases ah early adwnbed 
Dining World War I it became necessaiy to 
devise gas masks to pioteet tioops from poison- 
ous gases The an to be bieathed was passed 
thioiigh canislcis filled with mateiials which lo- 
moved the poisonous gases hut whicli allowed the 
air to pass thiougli Some of the mateiials used 
in ceitam lands of gas masks lemo-vcd the poison- 
ous substances by leacting chemically with them 
The efficiency of the mask deiieiided usually, 
howcvei, upon the ability of the chaicoal which 
it contained to adsoib the gases The best char- 
coal for this purpose was a haul vaiiety, piepaied 
from coconut shells, peach ints ,sugiu, oi ftomcei- 
tain vaiiotios ot wood caibomzod undci pressuie 
Chai coal-filled gas masks aie also used in peace- 
time to protect woikois who may lie exjxised to 
poisonous gases kctiMitod chaicoal is lused, 
also, to ailsoil) the vapms ol gasoline which aic 
mixed with the methane of natural gas The 
gasoline is recovcied by heating the charcoal 
iSoft, activated chaicoal is most elhciont m clari- 
fying and decolouring iKpiids 

10. Lampblack and Carbon Black 
Finely divided caibon is pioduced by 
burning natuial gas, tar, or oils in a limited 
supply oi ail The best grade is pioducccl 
from natuial gas, and it is this pioduct tliat 
IS commonly called carbon black The caibon 
produced from othoz mateiials is called lamp- 
hlack 111 the presence of a limited sup])lv of 
oxygen, gas burns with a smoky flame, be- 
cause ol the small pai tides ol cailion that 
escape combustion This flame plays upon 
one side of a revolving dium upon which the 
soot, Ol lampblack, is deposited A knife on 
the othei side sciapes oil the deposit as the 
chum rotates The product is a very finely 
divided black powder, which consists piinci- 
pklly of free caibon About 130,000 tons 
ate pioduced annually in this countiy Its 
principal use is in the compounding of the 


mixture used m manufacturing automobile 
tiies It increases the resistance of the 
tiies to wear, and makes a toughci, strongei, 
aiifl moio lesilient fabiic It is also used in 
the manulactuie ol many oLlier lubber ai ti- 
des 

Lai go quantities of caibon black are also 
used to make prmtei’s ink, typewritoi iili- 
bons, India ink, and carbon jiaper Because' 
of caibon’s inactivity and insolubility, prmi, 
IS not bleached by reagents, such as chloniK', 
which destioy recoids made with oiclinaiy 
ink, and it does not run or smear when it is 
wet Caibon black is fiiithei used as 
a pamt and enamel pigment, in phonograph 
records, and shoe, stove, and othei polishes 

1 1 Bone-Black 

Bone-black, oi animal charcoal, is pro- 
duced by the destiuctive disiillation of bones 
and, sometimc.s, other kinds of oiganic mat- 
ter obtained from meat-packing jilants 
Bones aie composed of about 10 per cent ol 
mineral mattei, of which calcium iihosjihate 
IS the principal constituent Boiic-bhuA 
contains, thcielore, only a small pciceiitagc 
— about 10 per cent — of chaicoal. The 
mineial mattei may be icraovcd fiom bone- 
black by dissolving the calcium phosjiluiin m 
hydrochloric acid Usually, howevci, the 
bone-black is used as it is piepared Its 
chief use is in the sugar lefinety ('rude 
sugar has a yellow oi brown coloi that is 
lemoved by dissolving the sugar in water and 
filtering the coloied solution thiough beds of 
bone-black. The pieseiice ol mmeial mattei 
lenders the filtering layoi moic iiorous and 
the dispersion of the finely divided caibon 
thiough this mass insures an enoimous sur- 
face of the adsoibing matenal The coloiing 
matter ol the .sugai bolutiou is thus removed 
and a white crystalline pioduct of a high de- 
gree of puiity IS then prcpaied by the evap- 
oration ot the filtrate 

1 2 Gas Carbon 

Soft coal IS distilled in coke ovens to pro- 
duce illuminating gas and other by-products 
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The gas supply of many cities is produced m 
this manner Some of the hydrocaibons in 
the gas aie decomposed, or “cracked,” by 
the high temperatuie of the retoits As a 
lesult, some hydrogen escapes in the gas 
and carbon is deposited on the walls. This 
caibon IS giay in color, and is haidci and 
more ciybtallinc than othei foims It con- 
ducts the cuiient fairly well, and is used, 
theiofore, to make the carbon lods or pencils 
used in arc lights and the electrodes for 
electiolytic cells m which eithoi the solutions 
01 the sulistances hbeiated would attack 
electrodes made ot metal or othei mateiials 

13 Physical Properties of Carbon 

In addition to the specifac jiropeitics pos- 
sessed by the diffcient forms of carbon, cer- 
tain othei pioperties aie common to all the 
foims Caibon is odoiless and tasteless It 
is insoluble in water and in the oidmary sol- 
vents, such as alcohol, othei, benzene, and 
chloi of orra It does dissolve slightly in some 
melted metals, in which it inoduces maiked 
changes in piopeitics One hunched pounds 
ot molten iron will dissolve about one pound 
of caibon. This solution ot carbon in iron is 
impoitant in the mctallui gy of iron and steel 
Caibon is always present in the product of 
the blast furnace, since the ores of non aic 
1 educed by coke The pioperties of iron de- 
pend in huge measure upon the percentage 
ol caibon which it contains, and the same 
factoi IS piincipally lesponsible for the dif- 
feiences in pioperties ot non and steel 
At about 3500°, caibon passes into the vapor 
state iindei oidinary piessiues and, upon 
condensing, foims graphite When heated 
to a sufficiently high temperature, it becomes 
incandescent (emits light) , the filaments 
used m the first elcctiic lamps weie made of 
caibon, but they are now made of a metal 
(tungsten), which has consideiably less re- 
sistance than caibon and is moie efficient in 
producing light 

14 Chemical Properties of Carbon 

Carbon comliines only veiy slowly, usually 


imperceptibly, with other elements at ordi- 
naiy tcmperatuics At highei tempciature 
it combines with many metals to foim car- 
bides, such as those of calcium, CaCa, and 
iron, FeaC It also combines with several 
non-metals The two oxides aie the most 
familiar of these binary compounds. When 
caibon bums in an adequate supply of an 
and at a tempeiatiire of 1000° or above, 
caibon dioxide, CO 2 , is produced, a limited 
supply of air and lower temperatures (up 
to 500°) favor the production of caibon 
monoxide, C. The use of carbonaceous ma- 
terials as fuels depends upon the heat lib- 
erated when these oxides (usually carbon 
dioxide) aie formed 

C + O 2 — >■ COi 4- 94,450 calories 

Caibon also unites with siillui at elevated 
tompeiatures to foim carbon disulfide (CS 2 ) 
and with silicon to toim silicon carbide (SiC) 
It also combines directly with hydiogen to 
foim hydiocarbons (page 117) This leac- 
tion IS usually catalyzed in oidoi to accelerate 
its speed 

1'ho caibon atom has foui elections in its 
outeimost level and, in keeping with this 
structure, has a maximum valence of -1 It 
sometimes has a valence of 2, as in carbon 
monoxide This valence indicates that, of 
the four valence elections of carbon, two aic 
piobably moie easily removed f 1 om the atom 
or can otherwise jraiticipate in reactions in 
which they are shared with other atoms more 
readily The clement usually loims covalent 
bonds with other elements, however, and 
positive 01 negative caibon, ions nevoi appear 
in solutions of its compounds This behavior 
indicates that carbon does not, oidinanly, 
lose or gam elections by tiansfoi, iL unites 
with other atoms by shai mg electi ons Since 
it contains foui elections that may be shaicd, 
this number repiesents its maximum co- 
valence Two caibon atoms may share elec- 
trons with each othei This propoity gives 
use to molecules of caibon compound, s in 
which many caibon atoms may be bound 
together to form a long chain, as in octane. 
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H H H H H H H H 
H C.C:C C C.C.C.C H 

H H H PI II H PI PI 

or to foim lings, ns m benzene, 

H 

C 

PI C C PI 

H C C II 

C 

II 

One, two, or even three paiiB oi elections 
may be shiucd bv n cm bon atom with an- 
othci atom In methane (PlPi), in caibon 
teLraclilnride (f'Cdi), and in ethane (CyPo), 


H 

Cl 

PI 

PI 

H C H 

Cl C Cl 

H C 

C H 

H 

01. 

PI 

H 


the carbon atom shares only one election 
pan with each ol the atoms with which it is 
combined In caibon monoxide (CO), in 
carbon dioxide (CO 2 ), and m ethylene (C 2 H 1 ), 

IP PI 

c 0,0 C : • 0, II : C . : 0 PI 

it shaies two pans with some atoms and one 
with otlieis In acetylene (C^Hj), 

IP C G H 

each caibon atom shaies thiee pans with (lie 
otliei Compounds such as methane and 
ethane aie said to be saturated, 1 e , the com- 
bining capacity of carbon is fully satisfied 
Ethylene and acetylene are said to be iin- 


satuiated, since extra pairs oi elections be- 
tween carbon atoms may bo used to unite 
cailion with atoms of hydrogen, chlorine, 
bromine, iodine, or other elements 
The remarkable tendency of carbon to 
form covalent linkages — parti ei daily link- 
ages uniting cailion to caibon — is lesiionsi- 
lilc for the ext.rcmely large numbei of com- 
pounds ot tins element 
Hot carbon is an incxiicnsive and cfhcient 
reduenig agent Thus, it reduces hydrogen 
in the jiioduction of water gas horn steam, 
foimmg caibon monoxide and sotting hydio- 
gen fiee Its use m mctalhugy also depends 
upon its ability to 1 educe the metals Iiom 
then comliinalion with oxygen to the fico 
state. 

Review Exercises 

1 How arc tlio allotiopic loims of caibon alike 
and how aic they diHcioidd 

2 Mow could you piuve Lhal a siiinplo ol 
gtaphite IS pine cailiou'^ Mow docs a sample 
ol grapliito ihllei liom a sample oi antliiaciUi 
coal''’ 

3 How do tho dilfeieiit kinds of coal ihlfci'^ 
Which kind nl coal is best loi inoduoing il- 
luminating anil lucl gas'? Which 1ms the 
Jiiglicst and which the lowest heating laliio'? 

4 Name kmi kinds ol amoiiilmus caihon 

5 Explain “destiiictive ilistillation” as applied 
to coal and wood 

6 Mow i.s giaphito piepaiod''’ What ate foui 
Uses of giaphite'^ 

7 How is gas caibon iriado'^ Lamphlack''’ 
What aie then vises'^ 

8 Mow imicli watei at 0° C’ could ho laised to 
100° and changed into steam by burning 10 
giairih of piiio caibon''’ AVhat volume would 
the vapoi occupy at 100° and 700 mm ’ 

9 Why IS coal 01 wood a hoitei luol tluiu 
giajihitc’ 

10 Dcsciihe the lu tion of i hiu coal m u gas musk 

11 What IS a caibido'^ Gn c thiee examples 

12 How IS coke pioduced fioiii coal''’ Why is 
inoio and moio coke being pioduced in “by- 
pioiluct” ovens lather than in “beelnvo" 
ovens, although tlie lattci is the cheaper 
process? 
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13 Explain the oiigiii of coal How do you 
think the iiatuial toims of graphite have been 
piofluced? 

14 lion (Ifies coal differ m compoaition ftom 
wood"^ 

15 What piopeities of caibon aie predictable 
fi om its position in the poiioclic tabled 
other pi Opel ties can you add to tliese^ 

16 How aie aitificial diamonds piodiiced^ 

17 Refer to pages 150 and 180 [oi the heats of 
combustion of carbon and hydrogen Using 
the data in Table 14, calculate the heating 
\alue in caloiics of one pound of bituminous 
coal Convert calories to B TU and com- 
pare youi result with the heating value of 
Table 14 Why aic they not the same? 

18 \Wiat was the approximate volume of the 
uncut Cullman diamond'^ 

10 What weight of giaphitc would occupy ap- 
proximately the same volume as the Culhnaii 
diainomr^ 

20 What (standard) vnhime of carbon dioxide 
IS produced nhen 1 g of diamond bums? 
1 g of giaphite? 


References for Further Reading 

Claike, B L , Mumh oj Modern Ckmsiry, 
chap. XXIII New Yoik Haipei and 
Brothers, 1935 

Eoster, W , Eomneo of Chemstry, chap XXI 

Activated Carbon Clim and Met Eikj , 32, 
13, 56 (1925), M and Eng Clm , 32, 1166 
(1940) 

Carbon Black and Lampblack Chein and Met. 
Eng, 39, 380, 449 (1932), bid and Eng 
fc, 23, 612, 646 (1931),/ ClmiEd,^, 
408 (1926), 13, 45 (1936) 

Chaicoal hi and Eng dim , 23, 631 (1931), 
32, 1166 (1940), Ckn anil Met Eng, 32, 
13 (1925), 39, 534, 604, 664 (1932) 

Coal Ckni and Met Eng, 34, 668 (1927), 
hd and Eng fc,26, 164 (1934) 

Diamonds Science, 72, 515 (1930), Eoriimc, 11, 
66, 96 (1935) 

Gas Masks Chn and Met Eng , 46, 136, 143 
(1939), Hid and Eng Ckw , 11, 93, 281, 402, 
1105 (1919) 

Graplnte Ckm and Met E?i(/,38,282 (1931), 
M and Eng dm , 16, 971 (1924), / dievi 
^,16,413 (1939) 



21 


THE OXIDES AND OTHER SIMPLE 
COMPOUNDS OF CARBON 


Ctabomcacid (carbon dioude) exiiuguishesburning 
substances of all kinds Bodies, when immersed 
in it, do not cease to burn from a want oj oxygen 
only It eteils a posiHue influence m checking 
cornbustion, as appears from the fact that a candle 
cannot burn in a gaseous mixture composed of four 
measmes of utmo, spheric, and one of cat home acid 
A CHEMIbTRY TEXTHOOK OE 1828 


1. Introduction 

This ohaptui deals with tho oxides, cai- 
bonic acid and its salts, and ccittun im- 
poitant binary compounds of tho olcmont 
such as ecu and C'Ss Oiganic compounds, 
all of which contain carbon, will bo discussed 
m later chapters 

CARBON MONOXIDE 

2 Production by Combustion 

Mixed with caibon dioxide, nitiogen, 
watei vapor, and other gases, caibon monox- 
ide IS pioduccd wlienevei caibon or caibon- 
aeeous materials aie burned m a limited 
supply of ail Thus, cvciy stove oi fuinacc 
may act as the producer of a mixl.uro ol 
gases containing carbon monoxide il com- 
bustion IS no I, comiilete The exhaust liom 
automobile engines always contains this 
oxide, the amount ranging up to 10 or 12 
per cent Although the dangei aiising tiom 
this souicc of the very poisonous gas (('0) 
is well known, seveial poisons die each 
yeai from breathing the luraes that escape 
from mntoib opeiatod in closed garages 
Others die fiom poisoning produced by in- 
haling caibon monoxide that escapes into 


tho living (juarteis of houses Irom faulty 
stoves and fuinaoes 

The conditions which result in tlic pioduc- 
tion of carbon monoxide m an oidinary coal 
stove 01 luinacc aic shown in Figiue 15-1 
Air enters the stove at tho bottom and, 



Figure 154 The Combustion of Cool 
carbon burns to form CO^j at C, carbon dioxide is 
reduced by hot carbon to CO. 
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passing tliiough the giate-bais, conveits the 
carbon m the bottom layci of coal into cai- 
bon dioxide The oxygen ol the air may be 
completely consumed by this leaction. In 
the middle and upper layers, carbon dioxide 
reacts with hot caibon, foiming caibon 
monoxide' 

CO 2 + C — > 2 t'O. 

Above the coal, the caibon monoxide may 
be conveitcd again into caibon dioxide, pio- 
vided that a further supply of an is ad- 
mitted thiough the damper (D) 

2 GO "b O 2 — ^ 2 CO 2 

If this damper is closed, the caibon monoxide 
remains unchanged If the fumes escape 
through some leak in the pipe oi its connec- 
tions, seiious effects may result because of 
their poisonous physiological action 

3. Production for industrial Uses 
Caibon monoxide is usually pioduced 
commeicidlly by the leaction of caibon diox- 
ide and hot carbon If air is used to oxidize 
the carbon to caibon dioxide, betoie the sub- 
sequent reduction to caibon monoxide, the 
pioduct contams a laige peiceiitago of nitio- 
gen Piactically pure carbon monoxide can 
be pie|iaied by using oxygen to form caibon 
dioxide instead of air Oxygen is not well 
suited for the piupose, howevei, since the 
heat which is lilierated 111 the pioduction ot 
caibon dioxide is so excessive that cxticmcly 
high tcmpeiatuics result The tempeiatuie 
can be 1 educed and a pure pioduct can be 
obtained if a mixture of oxygen and puie 
caibon dioxide is passed ovei the carbon 
Since the reaction between caibon dioxide 
and cailion consumes heat, 

40,770 caloiies -b C 4- CO 2 — 2 CO, 

this leaction offsets the effect ol the oxida- 
tion of caibon, 

( ' -b O 2 — >- CO" -b 94,450 calories 

The piopoition of carbon dioxide and oxygen 
ma\ be eonliolled to give the optimum tem- 
peiatuic conditions 


Impiue caibon monoxide is produced m 
the leactions involved m many industrial 
processes Among these are the blast fuinacc 
leactions in the reduction of iron, m which 
laige quantities of caibon monoxide escape 
fiom the top of the furnaces in a mixtuie that 
also contains laige percentages of caibon 
dioxide and nitiogen, a little hydiogen, and 
otbei gases This mixLuie is called blast- 
furnace gas and is used as a cheap but low- 
giade fuel 

Pioducc) gas, also a cheap find, is pi oduced 
by blowing a blast of an mixed with steam 
ovei hot soft coal, wood, 01 othei caibona- 
ceous raalei lal It contams lai go percentages 
of nitiogen (about 50 per cent), hydiogen, 
hydiocarbons, and some caibon dioxide Its 
caibon monoxule content is usually 20 to 25 
pel cent Coal of inleiior giade can bo used 
to make prodiicci gas, which can then be 
used as a fuel in place of gasoline in gas 
engines 

TFate) gas is produced by the action of 
steam on red-hot coke It contains caibon 
monoxide and hydiogen This is sometimes 
an important soiucc ot caibon monoxide, 
pai ticiilai ly in the synthetic pioduction ol 
methyl alcohol In the leactiou involved 
m this process both caibon monoxide and 
hydrogen aie necessaiy Watci gas piomdes 
both of the lecjfuiied substances, although 
its composition ma}' bo slightly modihcd to 
piovide the most satislaotoiy piopoitions of 
the two constitiienih 

4. Laboratory Production 

Pure caibon monoxide may be pioduced 
m the laboiatoiy by heating foimic 01 oxalic 
acid, 

Hf'OOH ^ H 2 O 4- CO 

(fonnic acifl) 

COOH H 2 O + CO 2 4- CO, 
GOOH 

(oxalic acid) 

Ol by lioatmg Lliese acids with conccntiatcd 
sulfuiic acid, which extiacts watei liom 
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them. In the case ol foi mic acid the lemoval 
of a molecule of watoi leaves piuc caibon 
monoxide In oxalic acid, the withdiawal of 
the water molecule causes the lemamdei ot 
the molecule to decompose into a molecule 
of carbon monoxide and one ot .carbon diox- 
ide. The foimcr may be iccovcrcd by iKpic- 
fymg the cailion dioxide or by paasiiip; tlie 
gaseous mixtuie lesulluiK from tho decom- 
position throuftli a solution of sodium hy- 
di oxide 

2 (Na+ -1-01-1--) + CO 2 --)- 

(2 Na+ + cor) + H,0 

Carbon monoxide does not react with sodium 
hydroxide 

5 Properties 

Carbon monoxide is a coloiloss, odoiless, 
and tasteless gas The absence of odor in- 
oieases the danger ol latalities resulting 
trom breathing the rumes liom aui.omol)ile 
exhausts and laulty stoves Because it i.s 
odorless, the piesenco of the gas is not easily 
detected. Often it is too late, when the 
effects of the poisonous gas are detected, foi 
the victim to move into clean air because of 
Ills failing motor activity ( lailioii monoxide 
dissolves veiy slightly in watci, is slightly 
lighter than an (density 0 907 compared to 
air), and is liquefied with much gi cater diffi- 
culty than caibon dioxide It condense.^ at 
-192° under a piessure of one atmospheie 

The valence of caibon 111 caibon monoxide 
is 2 Since tho usual valence of tho clement 
IS 4, caibon monoxide is a reducing agent 
It IS not voiy active at low tcmpeiaturos 
When Ignited, it bums in air, with a chaiac- 
teiistic blue flame Thi,s flame is often oli- 
seived above a icd-hot bi'd of coals Because 
of its tendency to combine with oxygen, 
caibon monoxide is useful as a reducing agent 
in the piodiiction of tice metals fiom their 
oxides 

Formaldehyde and methyl alcohol can be 
produced from carbon monoxide and hydio- 
gen with the aid of a catalyst and under the 
proper conditions of temperature and pres- 


sure This oxide of carbon also combines 
with chlorine to foim phosgonc, COCb, in 
sunlight or in the presence of certain cata- 
lysts, of which chaicoal is an example The 
formation of this compound depend.^ upon 
the valence of 2 which carbon has in caibon 
monoxide. The picsencc of two imusixl 
elect, roils in the atom allows caibon to com- 
bine with two chlorine atoms, each of which 
has one election to share Phosgene is used 
in the manufactuie ot dyes and drugs but is 
most lamihai as one ot the poisonous gases 
used in Woild War I Caibon monoxide 
also unites with some of the metals, forming 
compounds called carbonyls The caibonyls 
ol iron, Fc(CO) 5 , nickel, Ni(CO)4, chromium, 
Ci(CO)6, and cobalt, Co(CO)i, are typical 
('xamples The cailionyls arc unstable, vola- 
tile compounds They arc also iioisonous 
I'he analysis of mixtuies of gases lor cailion 
monoxide depends upon tho absorption of 
tin' oxide m an ammoinacal solution (con- 
taining ammonia) ol cuproii.s chloiide Tlio 
monoxide icacts with copper ioiming a type 
ot caibony] molecule, Cu(C()jNHiCl Tlie 
dcciease in volume due to the removal ol 
caibon monoxide in the foimation ol this 
compound is a measuie of tho amount of the 
monoxide piesent 

6 Uses 

Carbon monoxide is most extensively used 
as a fuel, usually in such mixtuies as water 
gas, pioducei gas, and blast-furnace gas 
It is also used in the synthesis of methvl 
alcohol and foimaldchydc, and 111 tlu' pi'cpa- 
lation ol phosgene It i,s an exliemely im- 
portant mdustiial reducing agent, since the 
1 eduction ot tho oxides ol many of thc' metals, 
sucli as non, copper, and miie, deiiends uiioii 
its tendency to combine with oxygen In 
the blast furnace, foi example, thc piincipal 
leducing reaction is 

FesOs + 3 CO — 3 COi + 2 Fe 

It IS also used in the purification of nickel, 
a process which depends upon the prepara- 
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tion and subsequent decomposition of nickel 
carbonyl 

7 . Poisoning by Carbon Monoxide 

Caibon monoxide is the most common 
poisonous gas It has been httle used in 
waifare, howevei, because it is relatively 
light, having a density slightly smaller than 
that of an Because of its small density it 
does not cling to the ground as heavier gases 
such as phosgene or chlorine do, but tends 
to rise Constant care must be exercised in 
many peacetime activities, however, against 
the dangers of this odoiless and thcrefoie 
treacherous poison Precautions which must 
he obseived in the home and m automobile 
gaiages have already been mentioned The 
oidmary automobile engme while idling, oi 
when being warned up, will produce a 
dangerous propoition of caibon monoxide m 
a small closed gaiage m three to five minutes 
Explosions resulting from the combustion of 
finely divided carbonaceous materials, such 
as coal or flour, always result in the forma- 
tion of some caibon monoxide Many of the 
persons who perish in coal-mine explosions 
die fiom the effects of carbon monoxide 
poisoning, and rescuers upon enteimg the 
mine aie often overcome from the same 
cause A person exposed to air containing 
one pait of the monoxide m 500-760 parts 
of ail for a period of an hour is m danger 
An cxposuie for thiee to four liouis usually 
results in death 

Birds are sometimes earned by lesoue parties 
after coal-mine explosions, The buds arc moie 
sensitive to caibon monoxide than man, then 
collapse serves as a warning that the gas is 
present Moie dependence is placed upon de- 
tection by means of chemical reactions m many 
places The most efficient detectoi , and the one 
commonly used, consists of a mixture of puimce, 
iodine pentoxide (I2O6), and sulfuric acid The 
mixture is called "hoolamite” In the presence 
of carbon monoxide it develops a green color 

The dangei fiom the poisonous action of carbon 
monoxide has led to attempts to prepare a gas 
mask which may be worn for protection by those 
who must expose themselves to an atmosphere 


contaimng dangei ous quantities of the gas 
The need lias been particularly great on wai ships, 
where the gunners are exposed to the laige 
amounts of carbon monoxide hberated in tlie 
gun tuuets when laige guns are fired. The 
oidmaiy chai coal-filled masks give no protection 
agamst carbon monoxide, which passes througli 
unadsorbed on account of its low density and 
iclatively low critical temperabuie Masks have 
been piepared which contain substances that 
catalyze the oxidation of the monoxide to the 
dioxide The lattei is relatively harmless 
Hopcdite IS fiequently used for this purpose, 
it IS a mixture of manganous oxide (MnO), 
cupric oxide (CuO), cobaltio oxide (C02O3), and 
silver oxide (Ag20) 

The poisonous physiological effect of 
carbon monoxide is due to its combination 
with the hemoglobin, 01 red coloring mattei, 
of the blood The function of hemoglobin is 
the transpoitation of oxygen from the lungs 
to the vaiioiis paits of the body, wheie it is 
used m oxidation To peilorm this function 
the hemoglobin forms a relatively unstable 
compound with oxygen This compound, 
which IS called oxyhemoglobin, is responsible 
for the red color of aiteiial blood Carbon 
monoxide also combines with hemoglobin, 
and since it combines much more leadily 
than oxygen, its piesence m inhaled an 
causes a decrease m the amount of oxyhemo- 
globin which the blood can form The com- 
pound of the monoxide is moderately stable, 
and hence the hemoglobin which thus com- 
bmes is not released very readily It caibon 
monoxide continues to be inhaled, the blood 
loses its ability to absorb and transport an 
adequate supply ot oxygen Death finally 
results fiom the iailuie of the lespnatory 
organs to function 

CARBON DIOXIDE 

8. Occurrence 

Air contains on the average about 3 paits 
of carbon dioxide per 10,000 parts of air, 
or about 0.03 per cent, by volume. While 
this 13 a small percentage, the total quantity 
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in the atmosphere is several billion tons 
This quantity remains almost constant foi 
seveial reasons It is continuously added m 
the air exhaled from the lungs of animals, the 
ail exhaled by man contains about 4 5 pei 
cent oi carbon dioxide It is also pioduced 
by the combustion of fuels and in the decay 
of all oiganic materials The gases horn 
some oil and gas wells contain carbon dioxide 
and some is present in solution in the waters 
fiom certain springs Hard watei usually 
contains carbon dioxide in the loim ol the 
bicaibonates of calcium and magnesium 
When these waters are boiled, the bicaibon- 
ate (Ca(HC 03 ) 2 ) is converted to the car- 
bonate, and carbon dioxide is released 

(Ca-^ + 2 ITClOa-) ^ 

CaCOg 'I' + HaO + CO 2 

It also occurs naturally m chemical combina- 
tion in rocks, such as mailile, dolomite, and 
limestone; in trona, NajCOi NaHCOs 2 H 2 O, 
and m the carbonate ores of some metals 
Flee oaibon dioxide escajics into the an 
as the pioduct of scvcial chemical reactions 
which aie earned out industi lally The 
most impoitant of these aio (1) the pioduc- 
tion of lime from limestone, 

CaCOa — ^ViiO + (X)2, 

(2) ceitain fermentations, such as that of 
glucose (sugar) to ethyl alcohol, 

C6l-Ii2()8 — >• 2 (hHsOH + 2 C;02, 

and (3) metalluigical opeiations involving 
the reducing action of carbon 01 carbon 
monoxide The most widely used leact.ion of 
this kind IS the icductioii of the oxide-oies 
ol non in the blast iuinace 
The concentiation ol carbon dioxide 111 the 
atmosphere would giadually increase were 
it not for its removal by other agencies 
Some dissolves m lain watci and in the sui- 
face waters of the eaith Laige amounts 
aie lemoved by plants which use it in the 
synthesis of staiches, sugais, and othei 
substances 


9. Preparation 

In the laboiatory, carbon dioxide is usually 
prepared by the reaction of acids, usually hy- 
diochloiic, upon calcium carbonate, CaC'Oa 
Limestone and marlile, winch are natural 
forms of caleiiim carbonate, are employed 
instead of chemically piepaied cahuiim car- 
bonate The gcneiatoi used for the picpa- 
lation may be one of the Kipp variety 
(page 107) or one made from a bottle and 
a thistle tube (page 106) The reaction is a 
double decomposition, and calcium cliloude 
and carbonic acid, H2CO3, are formed The 
latter is unstable at atmospheric pressure 
and decomposes into water and carbon 
dioxide The dioxide is not very soluble m 
watei and escapes through the delivery tube 
into the icceivei, where it may be collected 
by the upward displacement of air It may 
also be collceted over warm watei witli 
slight loss 

CaCOd -h 2 (H+ + Cl') — 

(CiiH + 2 C1-) + II-COj 
HalXL— )-IT() + C(b 

Othei caibonates, such as Na 2 C'()t, may bo 
used instead of calcium eaibonatc Lime- 
stone is less expensive and is gcmeially used, 
unless a veiy puie samiile ol the dioxide is 
desiicd 

In this countiy much of the caibon dioxide 
used mdustiiallv is formed by the eomlius- 
tion ol coke, or sometimes coal The gases 
that escape lioin a coal-buining fuuiace con- 
tain nitiogcn, carbon monoxide, steam, and 
many other sulistanccs 111 addition to caibou 
dioxide To icmovc the caibon dioxide, the 
gases are passed thiough a towei filled with 
coke which is spiayed with a solution ol po- 
tassium caibonate Tlie (aibon dioxide dis- 
solves m the water iuimiug caiboiuc acid 

H 2 O + ('0,±z;;HiC0,i 

This icaction is levoisible, and to aid m the 
foimation ol the acid the gases aio passed 
into the tower undei piessuie Undei these 
conditions the caibon dioxide dissolves more 
readily, because the solubility oi a gas in a 
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liquid depends upon the paitial pressure of 
lihe gas in the space aliove the liquid If the 
molecules aie ciowded together in this space 
by incieased piessuie, moic of them will 
stiike the sniiacc and pass into solution than 
would if the number in this space were 
smaller The caibonic acid that is fust 
formed then leacts with the potassium cai- 
bonate to form potassium bicailionate, 
KI-ICO3 

(2K+ + C03=) +HT'(),— > 

2 (K< +H(' 03 -) 

The resulting solution is later 1 eraovcd to an- 
other container whcie it is heated, iisuallj’' 
iindei 1 educed piessure Heie the reactions 
pioceed in the opposite diiection 

2 {K+ -f HC’Or) 

(2K+-l-f'0r) + H2('0, 

H2C03-^I-l20+ C’O. 

Potassium caibonate is Umned and may be 
used ovoi again Pairly pine cailion diovide 
IS evolved Tins is compiessed 111 steel 
cylindpis The energy requned foi com- 
piession may be supiilied by the comlnistion 
of the coke The pressuie in the cyhncleis is 
about 900 pounds pei squaie inch 

Caibon dioxide is also produced when 
hvdiogen is preiiaietl fiom water gas 
(page 111) It will be lemembcied that this 
]irocess foi the pieparation of hydiogen calls 
foi the passage ot a mixtuie of watei gas 
and steam ovei a catalyst The i olio wing 
1 paction occuis 

CO "b Ha "b H2O — >“ 2 Ha -b CO2 

The carbon dioxide is then lemovod by being 
dissolved in cold watei nndei piessnie It 
may be leeoveied m a lairly piiie state bv 
1 educing the piessuic and heating the solu- 
tion 

Olhci soil! CCS of indnstiial caibon dioxide 
aip the decomposition of limestone m pie- 
liaung lime anil the fei mentation mdnstiies 
(page 301 ) This substance is not an e\- 
liensivc commodity because it is a by- 
pi oduot of sevci a! industi les Its pi oduction 


in many cases, as in the manulacture of lime 
and m the binning of coal to produce heat, 
so far exceeds the demand that the lecovcry 
and punfication of the gas is not profitable 
Many Limes moie carbon dioxide is allowed 
to escape into the air than is recoveied and 
piiiihed 

10 Physical Properties 

Undei oulinaiy conditions, carbon dioxide 
IS a coloiless, odoilcss gas Its solubility in 
watei, although greatei than tliat ol otliei 
gases which we have studied, is not veiy 
marked At 15° and undei one atmospheie 
of piessuie, one htei oi watei dissolves about 
one litci of the gas The solubility incieascs 
imdci higlici piessures, because ol the tend- 
ency of caibon dioxide to leact with the 
water, forming caibomc acid The density 
ol the gas is 1 53 as cornpaied with the 
density ol an At 20° it is iKiiiofied by a 
piessuie ol about 56 alinospheies Its ciiti- 
cal tempeiatuie is 31 35° The caibon diox- 
ide that IS sold in steel cvhndeis is in the 
liquid state When the valve o) the cyhndei 
IS opened, the piessuie is 1 educed and the 
liquid changes into the gas II the lupuil is 
allowed to flow out ol the cylmdci , the cool- 
ing that attends evaporation is sufficient to 
lowei the tempeiatuie of the luiuid to about 
—79°, wheie it changes to a white solid 
The solid jiasses dnectly into the gaseous 
state (sublimes) without melting, unless 
the jnessure is consideiably incieased 

1 1 Dry Ice 

Solid caibon dioxide — caibon dioxide 
snow — IS now used as a rehigerant undei 
the tiadc name oi Dnj Ice Since it changes 
dnectly to a gas that mixes readih' with the 
an, solid caibon dioxide is moic desiiable 
than oidmaiy ice, which melts to foim watei 
that must be disposed of Small ]iaper cai- 
tons may lie userl, thercloie, insi,eafl ol the 
heavy and cumbersome containeis needed 
ioi ice Diy ice does not iciimrc the ii-ic ot 
salt and sawdust, and lowei tem]ieuituros 
can be attained liy using much smallei vol- 
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Piguro 155 Blocks of Dry Ice Are Produced in Presses ^rom Pure Solid Carbon Dioxide 


umes and woigliis ol Lliih u'tiigc'ianl, than 
would Ije iie(ic,s.saiy il oidiiiai k'(! weic Uhod 
The evapoiation ot iiiuljon dioxide Innn the 
holid lequues lioat, and the lemoval ot this 
heat iioin tlic huiiounduigs is icsponsililo loi 
the icfiigciatmg acti ni Dtv ice is exteii- 
sn'ely used lot the leiiigeiation ot tuiit, 
meat, and fish and ioi the jneservatioii ot ice 
cieam A veiv cold mixtiiie may be pic- 
pared by pom iiig eth(’i, acetone, chloiotoiin, 
01 utlici volatile liquuls u]Jon solid caibon 
dioxide tthth el, her 01 acetone as the liquid, 
a tempeiatuie as low as —80“ t' can lie 
attained Mciciux' is 1 roumi by this inixtiiic, 
and in it a piece of lubliei tubing liecoines 
liaid and so buttle that it can be shatteiod 
with a hammei 

8nlid caibon ilioxide can he picpaied in the 
laboiatoiy by allowing the gas to escaiie liom 
the steel oylmdei, in which it is pin chased, into 
a cloth bag The cylindci is tipped ovei until 


tlio escape vnlvo is ,i little lowei than the lest of 
the eontainei 'I’he cwapoiation o) luiuid iiiid 
the expansion of the gas cause lieal to he ah- 
soihed, and the teinpciatuic is jcdiiced to a point 
wheie some ol the liquid eailion dio\id(i cliaiiges 
(o the solid This may lie leiiioicd fioiu the 
innev w'alls ol the bag A piece of caibon dioxide 
snow held in the palm nl the hand does not 
come into contact with the skin If it did so, 
cniisideialile dangei might he iinohed 111 its 
liawlling The solid is always (o\eied by a 
layei ol gas 11 the snow is squeezed lietween the 
fingers, howecoi, leiy painlnl "iio.sthites” uill 
icsnlt 

12 Chemical Properties 
C'aihon dioxide is lelaiively slalilc (July 
about 2 pel cent deoomiinscs to loim caibon 
monoxide and oxygen at a tempeiatuie ol 
2000° C Because ol its stability it docs not 
oltcn act as an oxidizing agent, although 
it consists ot almost 73 pei cent of oxygen. 
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It IS reduced by a few vigorous reducing 
agents \^ei y active metals such as sodium 
and magnesiuin will lemove its oxygen (at 
high temperatures) very loadily An ig- 
nited btiip of magnesium iibbon will con- 
tinue to burn m an atmosphere of carbon 
dioxide and will even reduce the solid 

2Mg-|-{Xh — J-2 MgO-fC 

Sodium icrluces the dioxide to carbon and 
foiins sodium caibonate 

3 C'Oo -b I Na -V 2 NiijC'Oj + C 

The most familiar i educing agent foi carbon 
dioxide lb carbon 

CIOs + 2 (’,0 

This 1 eduction occurs whoncvci carbon diox- 
ide (in the absence of oxygen) comes into 
contact with hot caibon (page 298) C'-arbon 
dioxide possesses no i educing piopeitips, 
since it contains a caibon atom with a 
valence of 4, which lepresents the maximum 
combining capacity of the' clement 
The chemical chaiacteribtics of carbon 
dioxide show that carbon is a non-metal 
The aqueous solution ot the dioxide contains 
some carbonic acid, H2CO3 This is produced 
bv the reaction 

HjO-f ('O 2 — >H:('()3 

In the pieseiice of at least tiaces of water, 
the dioxide leacts with oxides ot metals to 
foim carbonates It forms the same com- 
pounds when it reacts with the hydroxides 
of the metals Thus, when caibon dioxide is 
bubbled into a solution ol lime water 
(Ca(0H)2), a pait of the gas dissolves, 
fuiming caiboiiie acid 'I'liis then leacts 
with the calcium hydioxide as follows 

HnCO, + (Ca++ + 2 0H-) — )- 

CaCOj i + 2 H 2 O 

Calcium carbonate is only slightly soliilile 
and jiiecijutatcs tiom the solution This 
I cactioii IS often used as a qualitative test for 
the prcsencG of carbon dioxide Baiiiim 
bydi oxide (Ba( 0 H 2 ) is sometimes used in 


place of calcium hydroxide, because it is 
much moie soluble and a moie concentrated 
solution can be prepared This permits the 
detection of smallei quantities of caibon 
dioxide Wlien the gas is passed into a 
solution of sodium hydioxide, sodium car- 
bonate IS produced 

HaCOs + 2 (Na+ + OH") — !- 

(2 Na+ + C0,“) 4- 2 H 2 O 

The product m this case is soluble , hence no 
precipitate forms Sodium hydioxide can- 
not be used, theiefore, m the place ot calcium 
hydroxide in testing toi caibon dioxide. 

When quicklime (CaO) is exposed to the 
an it IS "carbonated,” that is, the caibon 
dioxide in the air converts the oxide ot cal- 
cium into calcium carbonate 

COs 4- CaO — ^ CaCO^ 

A tiace of water must be present Hence, 
wc may conclude that the reaction occuis 
lietween calcium hydioxide and caibonio 
acid The watei is leleased again when 
these two substances react Lime-pla,stei 
and mortar contain calcium hydroxide (or 
slaked lime) mixed with enough water to 
form a plastic mass The hardening and 
“setting” of plaster lesnlts from the loss ot 
watei by evaporation and, moie particularly, 
fi om the reaction between calcium hydi oxide 
and carbon dioxide to form calcium car- 
bonate 

13. Carbonic Acid and the Carbonates 

Carbonic acid, H 2 CO 3 , is an unstable 
compound The solution formed by bub- 
bling carbon dioxide into cold water at one 
atmosphere of piossure contains only small 
amounts of the acid, but larger amounts aie 
formed if the gas is dissolved in the liquid 
under high pressures 

The aqueous solution has the jnoperties 
of a very weak acid In this respect it com- 
paies veiy iinfavoiably with hydrochloiic, 
sulfuric, and even acetic, a 1 datively weak 
acid which we find in vinegar The stronger 
acids have a very sour taste and immediately 
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turn blue litmus paper to a shaip red color 
A solution of caibonic acid, on the other 
hand, is only very mildly "acid” in taste 
and slowly turns blue litmus to a faint pink 
The biting taste of "soda watei” is due to 
this acid The name “soda water” is asso- 
ciated with soda (sodium caibonate) from 
which the carbon dioxide used to picparc 
carbonated walei was once derived by the 
action of an acid Beverages aie now cai- 
bonated by carbon dioxide that is purchased 
m steel cylinders. 

Theieaction ol carbonic acid with a base, 
such as sodium hydioxide, may pioduce 
sodium caibonatc or sodium bicaibonatc, 
depending upon the iclativc amounts of base' 
and acid available lor the leaction In the 
piesence of an excess ol the base, sodium 
caibonate is pioduced 

2 (Na+ -b Oli") + HA 'U.) 

( 2 Na++ C03=) -I-2H2O 

When an excess of caibon dioxide is passed 
into the solution, sodium bicaibonatc is 
pioduced 

( 2 Na+ 4 -a)r) -bl-Bthh— >■ 

2 (Na+ + HCO,-) 

To assuie the prepaiatioii oi sodium car- 
bonate, a solution ol sodium hydioxide is 
salinated with caibon dioxide This foims 
pure sodium bicaibonate The lesulting 
solution IS then mixed with an ecpial volume 
of a new sodium hydroxide solution, con- 
taining the same quantity ol sodium hydiox- 
ide as the fust solution In this raixtuie 
sodium bicaibonatc is conveiied into the 
carbonate by the following icaetion 

(Na+ + OH-) + (Na' -t- HOOr) — 

(2 Na' + t:Or) + HA) 

“Giound” walei contains small amounts 
ol caibonic acid 111 solution When this 
comes into contact with limestone m the 
eaitli, the follbwmg reaction occurs 

CaCOs -f H2CO3 — (Ca++ -b 2 HCO3-) 


The calcium bicarbonate, (Ca(HC03)2), 
which is relatively soluble, is carried away 
in solution This is the mannei in which 
“soft” watei most often becomes “hard ” 
It is also one cause of the development of 
cavities and channels in deposits of limestone 
rocks 

14 Dibasic Acids and Acid Salts 
Caibonic acid is a dibasic acid This state- 
ment moans that a molecule of the acid con- 
tains two replaceable atoms of hydrogen — 
libeiates two piotons foi reactions with 
bases, two moles of sodium hydioxide, foi 
example, aie requned to icact completely 
with one mole ol the acid A mimohasir acid, 
such as hydrochloric acid, contains only 
one replaceable atom of hydrogen pei 
molecule, a Inbasic and, such as phosphouc 
acid, HsPOi, contains tliiee 
The leaction of a molecule of carbonic 
acid with one hydioxyl 1011 iiom sodium 
hydroxide removes only one hydiogen 1011, 
01 pioton, horn the acid and toims sodium bi- 
caibonato, Na+I-K'()r 


H^ 


NaJ- 






H 


The second hydiogen 1011 may be lemoved 
il anothci hydioxyl ion Iiom sodium hydiox- 
ide IS available, 1 c , if one giam-molecular 
(01 gram-foiraula) weight ol sodium hydrox- 
ide lb added foi each grain-inoleciilai (01 
gram-formula) weight of sodiumbicailionaie 

A salt in which only a pait of the icplaco- 
able hydiogen of an acid has been neutial- 
izcd IS an acid sail, it can still net as an acid 
by hbeiatmg the icinaindei ol the leplace- 
ablc hydiogen to react with bases ‘ Kodnim 
bicaibonatc, theietore, may bi' called sodium 
acid carbonate Other acid salts aie sodium 

1 Not all the atoms of hydiogen m every in id aie 
replaceable, not all of the hydiogen atoms m a mole- 
cule of acetie acid, HCJIA, for example, tan icatl. 
with a base Only one of the fom atoms of hyth tigen 
in a molecule ol this aeid can do so, and it is foi this 
reason that the formula is not written as C2H4O1 or 
HtCA 
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bisulfatc (or sodium hydiogen sulfate, 
NaHSOi, monosodium (dihydiogen) phos- 
phate, NaH 2 P 0 j, and disodium (monohy- 
diogcn) phosphate, NaonP 04 

15 Uses of Carbon Dioxide 
Wc have aheady mentioned the use of 
carbon dioxide in the piepaiatioii ol soda 
watei and m lefiigeration More than 
25,000 tons me used annuallv in this countiv 
m pioducmg soft dunks, which aie solutions 
of carlion dioxide under a piessuie of about 
four iitmospliGi'cs, vaiious flavors, sugar, and 
sometimes othpi acids such as ciLiic 
Oaibon dioxide is also used to extinguish 
flies One of the familiar tv^ies of file ex- 
tinguisher depends upon the pi opcities of the 
dioxide The extinguishei (Figuie 156) eon- 
tains a solution ol sodium bicaibonate A 
liottle containing sulfuric acid is held in 
place neai the top Until lequired foi use 
the containei is kept in an upught position 
To use it the eyhndoi is inveitcd, and the 
stoppei then diops out of the bottle contain- 
ing the acid The tollowmg icaction takes 
place 

2 (Na+ + HCOr) -f- (2 H+ -t- S 04 =) — 

(2 Na+ + SO n + 2 H.O + 2 CO- 



Figure 156 Fire Extinguisher 


Consideiable pressuie develops in the con- 
tamei, and the solution becomes saturated 
with the dioxide The pressure foices the 
solution out thi ough the noazle The carbon 
dioxide accompanying the stieam of solu- 
tion, and also that escaping fiom it as the 
pressure is reduced, extinguishes the hie, 
because it excludes the an and thus pi events 
the continuation ol combustion The watei 
in the solution that issues with the gas also 
helps to extinguish the hie by exerting a 
cooling effect 

d’hc use of anotliei widely used extm- 
giushci IS shown in Figiiie 157 When in- 
verted this extinguisher produces a sticam of 
loam containing caibon dioxide The innei 
contamei ol the extinguishei contains a 
solution of alum oi aluminum sulfate The 
outer cylinder contains a solution ol sodium 
bicaibonate and hcoiice The aluminum 
sulfate reacts witli watei to foim sultiii lo acid 
and aluminum hydi oxide 

(2 Al-^i-)- + 3 SOr) + 6 HOH — >- 

2 \IC()H),, -b 3 (2 H-'- -b SOr) 

The aluminum hydroxide fonns a gelatinous 
precipitate When the cylmdei is inveited, 
the two solutions aie mixed, and the acid 
leacts with sodium lucaibonato, hbeiatmg 
caibon dioxide This gas and the aluminum 
hydroxide foim a fioth oi foam which is 
stabilized, oi made moie neiiily permanent, 
by the piescnco ol the licoiice The ptcssuie 
developed wiLhm the extinguishei forces the 
raixtiue out of the contamei This device is 
especially useful in fighting Hies from Iniin- 
ing Oil Such files aic difficult to extinguish 
with watei, because the file is laigoly in the 
vapoia abmw the smface of the oil The 
watci sinks, floating the oil on Lop ol it 
The loam, on the othei hand, flows ovoi the 
suiface ol the ml, ellectively blanketing it 
Because ol the stable nature oi the loam, 
the caibon dioxide is not earned away from 
the place of the flic by convection nuients 
The lattei difficulty is one that deci eases the 
useluhicss ol the oxtiiiguishm described m 
the piecedmg paragiaph 
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Ffgur<3 157 The Use of Firefoam 
At left, burning oil, at right, after the use of Firefoam 


Carbon dioxide is used exienHivcly m the 
manufacUuG ol sodium liioiirbonalc (bakuift 
soda) It lb also used m the mamifactuie ol 
white lead, wliicli is an inipoilaiit pait of 
many paints 

Caibon dioxide is mixed with the oxygen 
tliat is admmibteu'd to poisons sullcuug 
from impaii’ment ol the icspnatory oigans m 
diseases like pncuinoiiia and in cases ol 
asphyxiation The presence ol carlion diox- 
ide stimulates the iieive ceiitcis that contiol 
respiiation The iionnal exhaled air Irom 
the human lungs contains between four and 
five pci cent ol this substance 

Caibon dioxide is icspoiisible foi the leav- 
ening of dougli in baking It is liboiated m 
the dough by the action ot yeast that pio- 
motes the fermentation ol sugai, by the re- 
action of soda (sodium bicaibonaic) and the 
lactic acid ol soui milk, oi iiy tiie reaction 
of the ingicdicnts of baking powdci The 
dilfeient kinds ol baking powdci contain 
baking soda anti an acid salt such as potas- 
sium hydiogen tartrate, KI-KhbliOo, or 
monocalcium phosphate, ( 'afllaPOds, or a 
substance such as sothum aluminum sulfate, 
NaAl(S 04 ) 2 , which reacts with water to loim 
an acid. When the powdei is mixed with 
watei, in dough oi elsewhere, the bicarbonate 
ion ol the baking soda leacts with hydrogen 
ion to loim caibonic acid, which then de- 
composes to liberate caibon dioxide The 


expansion ol the gas tluiing heating and its 
tciidciicy to escape, just as liulibles ol gas 
c.scapc horn watei, cause the dough to 
“use” and rciulet the baked product more 
poious than it otlieiwisc would bo 

One oi the new uses foi caibon dioxide is 
111 blasting The liquid is placed in a si(>cl 
cyliudoi imdoi about 900 pounds of pn'ssiue 
pci siiiiaie inch Placed in the cylinder 
witli it, IS an easily ignited mixtuie, which 
bv udeasmg beat vaporizes the liquid, thus 
gieatly lucieasmg the piessuio (IK), 000 
pounds Ol moie) The cylinder is lilted with 
a special cap that is blown oil when the pies- 
suie becomes great enough, and the lolease 
ol the gas at this high prcssiiie has the same 
elfcet as the explosive decomposition oi an 
unstable comiioiuid 

16 Carbon Disulfide 

Caibon disulhdo, ('Sa, is the siilfiu com- 
pound ot carlion that coriespoiids to caibon 
dioxide It IS pioduc.ed when siillur vajior 
IS passed over hot caibon Wo may think ot 
the caibon as buimiig ni an atmosphere of 
sullur, just as iL usually bums in an at- 
mosphcie oi oxygen oi air In oidci to 
piovenl the comlm.stioii oi liotti caibon and 
suUui by oxygen, the production oi carbon 
disulfide must be caiiiod out m the absence 
of an It IS produced in an electric fiiinace 
ol the type shown in Figuie 158 Siillui and 
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Melted sulfur 

Figure 158 Production of Corbon Disulfide in the 
Electric Furnace 

Charcoal is fed in at C and sulfur at A and O 

coke aie fed into the furnace continuously 
d'he sulfui IS vaporized, and the caibon is 
heated to the lequiied tcinpeiature by the 
heat which is libeuited by the passage of the 
electric ciinent between the two electiodes 
The disulhde is volatile and distills as lap- 
idly as it lb formed The vapor is passed 
fiom the top of the furnace into a condcnsei 
The product has a yellow coloi because ot 
dissolved siilfui, and an unpleasant odor, 
whicli IS not that of carbon disulfide but of 
traces ot impurities The pure substance is 
coloi less and has no disagreeable odor It 
IS about one and one-fouith times as heavy 
as water It does not mix with water, has a 
high index of refiaction, evapoiates leadily, 
and therefoie has a high vapor tension at 
ordinary temperatures The boiling point 
is 46 3° C. at 760 mm The vapor has a 
very low kindling point, a glass rod that has 
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been heated to a moderate temperature will 
Ignite the vapoi if the rod is held an inch 
or two above the surface of the cold liquid 
The substance is poisonous 
Claibon disulfide is used commercially as a 
solvent for rubber, phosphorus, waxes, gums, 
sulfui, and fats The sulfur solution finds 
some use as a medium for the vulcanization 
of rubber Caibon disulhde is also used as 
a solvent foi lesins in the manufactuie of 
varnishes and lacqueis It is one of the 
essential substances m the manufacture of 
cellophane and is used, in a similar manner, 
in one of the well-established processes for 
the manufactuie of layon The heavy, pois- 
onous vapors that are produced when the 
liquid evaporates are used to kill weevils in 
giain and to kill moths, mice, rats, wood- 
chucks, and othei small animal pests Since 
it lb a solvent for fat and grease, it might 
be used as a dry-cloaning agent if it were not 
poisonous and inflammable 

17 Carbon Tetrachloride 
This substance is well known because of its 
use m fue extinguibhers and in dry cleaning 
It IS produced by ti eating caibon disulfide 
with diy chlorine 

CS 2 + 3 Ch — OCl, + SiC’b 

Iodine IS used as a catalyst of this reaction. 
Sulfur monochloiifle, SgCb, boils at 138° and 
carbon tetiachloiide at 77°, lienee the two 
products of the leaction can be scpaiated by 
fi actional distillation Sulfui monochloiide 
IS used to some extent as a solvent for .sulfur, 
and the solution is used sometimes in the 
vulcanization of rubbei Carbon tetra- 
chloiide is also prepared on a small scale by 
the piolonged action of pine chloiine upon 
methane, GH 4 , m the sunlight 
The vapor of carbon tetrachloride is con- 
sideiably heavier than air and is not com- 
bustible For these reasons, and also be- 
cause the liquid is readily volatile, carbon 
tetrachloride is used to extinguish fires The 
ordinary, small fire extinguisher contains a 
mixtuie of carbon tetrachloride and other 
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substances. A stream of the liquid is foiced 
thiough the small outlet at the bottom of the 
oyhndei and played about the base of the 
[ire The liquid volatdizes, pioviding a 
blanket of non-inflammable gas, whioh ex- 
cludes the air fiom the burning matenal 
Tins type of extinguisher is somewhat moie 
efficient in fighting oil lircs than the ordinary 
extinguisher that uses a mixture of carbon 
dioxide and water, because caibon tetra- 
chloride mixes with the oil instead of sinking 
to the bottom as water does 
Some of the liquids used in dry cleaning 
consist of a mixture of carbon tetiaehlonde 
and gasoline oi naphtha The use of caibon 
tetrachloride toi cleaning depends upon its 
propel ties as a solvent for grease and oils 
The mixtuie containing gasoline or othci 
hydiocarbons is loss expensive than jiure 
caibon tetrachloiide and has the advantage, 
ovoi gasoline, of being difficult to ignite As 
much gasoline as possible (about -10 per cent) 


is used without pioducing a mixture which 
will form vapor that is easily ignited Car- 
bon tetrachloiide is also used as a solvent foi 
gieaso in cleaning wool, and as a solvent for 
vegetable oils m the extiactiori of oils from 
crushed seeds oi various kinds The tetra- 
chloride IS recovered by distillation, and the 
last traces aie icmoved by blowing steam 
thiough the oil 

Carbon tetrachloride has a limited use in 
medicine in the destmctioii oi parasite.s, such 
as hookworm, which may be inhabitants of 
the alimentary canal It is also used as a 
fumigant to kill insects, upon which it acts 
as a poison 

On the whole, cai bon tctrachhu ule is char 
actcrized by inactivity It is a typical 
chloride of a non-metal and as such differ .s 
greatly from the chlorides of the m^'tals 
The latter are conductois of the cuiiont 
both in the fused state and in tlimr solutions 
Caibon tetrachloride is a non-condnetoi 



Courtesy of Pittsburgh Plate Glass Company 

Figure 159 Liinestene is Hoisted by Elevators to the Tops ot Kilns m Which it is Converted into 

Carbon Dioxide and Lime. 
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Courltsy nf Ijr Rediiclian Snica Company 

Figure 160. Dry Ue Being Used for Refrigeration 


The eai’bon and chloime atoms lu the mole- 
cule are united Ijy shaicd pairs of elections 
(covalences), while the salts of the metals 
are ionic compounds. 

18. Silicon Carbide 

When a mixture of sand and powdeied 
coke IS heated to a temper atuie of about 
3000°, the followrng reaction occurs. 

SiOo + SC— >-SiC-b2CO 

Silicon carbide (SiC), although sold under 
other names, is best known as Caihouindum, 
a tiade name given to it by Acheson, who 
Inst piepaied the substance in 1891 Car- 
borundum is made m an electric fiiinacc in 
which air is excluded Tire furnace is built 
up ot fire brick each time it is used. The 


charge consists of a mixture of powdeied 
coke, sand, sawdust, and salt The sawdust 
makes a more porous mass and aids in the 
escape of carbon monoxide, the salt aids in 
the lemoval of iron by foiming volatile 
ferric chloiide A cioss-section of the 
fiiiiiace and its chaige is shown in Figure 162 
A core of pure carbon, perhaps giaphite, 
serves as a conductor The resistance en- 
countered liy the current causes the libera- 
tion of heat and the central portion of the 
charge becomes white-hot The portion of 
the chaige next to the core is converted into 
crystals of silicon caibidc (Figure 162) 
Silicon carbide is used piincipallv foi 
giinding-s tones, polishing ]iowdeis, and other 
foims ot abrasives It will scratch glass and 
IS almost as haid as diamond. 
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CimhsiJ (if Air liedudum ijn/ts Company 


Figure 161. Carbide Lights Used for Night«time Work 

19. Calcium Carbide 

This IB an impoi'iant compound oi caiboii 
and the metal, calcium It is pi oduccd liy 
heating a mixtuie of lime and coke m an 
electiic fuinace The walls ol tlie luinace 
aio made of buck, and the cliaigo is pouied 
around laigo caibon elcctiodcs Lime le- 
acts with carbon to form calcium caibidc and 
caibon monoxide 

CaO + 3 G — >- CaCa + GO 

At the tempciature whicli is attamcrl m tlie 
furnace, the carbide melts and flows out 
through an outlet in the bottom ol the Im- 
nace Since electrical eneigy is lenuiied iii 
the piocess, plants loi producing caiinde aic 
located at places where elcctiicity can be 
pioduced most economically, a,s .at Niagaia 
Falls and Muscle Shoals (Alaliaina) The 
pioduct usually contains coke and otliei 
impiii ities and is giay in coloi It is supplied 
to the inaiket m lathei soft, poious lumps 
The pine substance is ciystalline and tians- 
paient 


Calcium caibidc leacts with water to foim 
calcium hydroxide and the combustible gas, 
acetylene (CaH 2 ) 

CaC .2 + 2 H 2 O — Ca(0H)2 + CJL 

Bicycle lamps may be lighted liy binning 
acetylene In the eaily days of the auto- 
mobile, the head lamps woic lighted m the 
same mamiei, and bcloie the day ol the auto- 
mobile, vchiclc.s weio sometimes ecpiiplicd 
with lamps which used acetylene ddie 
children of a gcnciation oi two ago used 
caibidc to supply the acetylene that was 
liuinefl to piovide illumination in their 
magic lanterns The same souice of illumi- 
nation often scivcrl m homos and in shops 
This, ot course, was boioic the widcsinead 
use of the eloctiic light Acetylene is still 
pioduced for such uses, to some extent The 
gas IS foici'd undei picssiiie into stec'l cvl- 
imk'is containing a poious matoiuil mixed 
witli acetone, m which acetylene i.s .soluble 
Laige (pianl.itK'S of the gas are thus com- 
piesscd in a small siiace, stoied in this 
manner, acetylene is sale, all, hough the pine 
iKpiul IS diuigeiously unsialih' Acetylene is 
now an imputant substance because ol its 
Use in the synthesis ol many mganic com- 
poiinds It IS also used m oxyacofyleiie 
wilding (pagi' 73) 

OalciLiin cailnde icacts with nitiogen 
iindoi ccitaiii conditions to form calcium 



Figure 162 Cross Section of a 
Silicon Carbide Furnace 
The carbon core is surrounded by crystals of 
silicon carbide 
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Courlosy (\f Norton Company 

Figure 163 Resisicinca Type of Electric Furnace in which Sand and Coke are Converted into Silicon Carbide 


cyanamide, CaCINa This substance is ira- 
poitant because oi its use in feitilizers, and 
because it may be made to leact with steam 
to foim ammonia and with sodium chlonde 
or with sodium caibonate and carbon to 
foim sodium cyanide, NaCN 

Review Exercises 

1 Explain how carbon monoxide is pioduced m 
a stove or furnace 

2 How would you determine whethei a sample 
of gas IS caibon monoxide oi carbon dioxide'’ 

3 Why IS caibonic acid called a dibasic acid? 

4. What volume of caibon dioxide, at 20° and 

760 min , can be pioduced (1) by lieating 
100 g of C’at'Oi, (2) by the fei mentation of 
100 g ol glucose, (3) by Iniinmg 100 g ot 
caibon, and (4) by heating 100 g of potas- 
sium liioaibonate'’ 

5 What aie the names and some of the uses 
of each of the following caibon comjiounds 
NaliC’O,, CaCU,, CaCNa, Na.CU, CjHs.SiC, 
CCh, COCh, HCOOH, and CaC.’ 

() Suggest one leason why carbon foims inoie 
compounds than any otbei element 

7 Wliat weight of calcium caibonate could be 


conveited into caloiiim bicaibonate by 10 
liteib (standaul conditions) of caibon dioxide, 
assuming that 10 pel cent of the carbon 
dioxide IS not iiseil in the i oaotion? 

8 What weight of calcium caibonate is pre- 
cipitated (0 0013 g dissolves in 100 ml at 
18°) when one liter of caibon dioxide (at 0° 
and 760 inm ) is completely absoibed m one 
litei of a solution containing an excess of 
calcium hydi oxide (at 18°)? 

9 What volume of caibon dioxide and water 
vapoi at 100° and 760 mm would be pi oduced 
by the complete combustion ot the acetylene 
which is made when 5 g oi calcium caibide 
leacts with an excess of watei ? 

10 Why IS caibon dioxide absoibed to a greater 
extent by a solirtiori of sodium carbonate than 
liy irure water? 

11 How aie the chloride and sulfide of caibou 
diffeient m propeities and structure fiom 
the coiie&pondmg compounds ot the metals? 

12 Identify oi explain watei gas, blast-fuiuaoe 
gas, pioducei gas, phosgene, diy ice, soda 
water, acid salt, 1 raking powdei, and Caibo- 
rundum 

13 Suggest one reason why carbon monoxide. 
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althougti veiy poisonous, has never been 
used as a poisonous gas in war 

14 Wliat is the loss in heating value if all the 
carbon in a ton of coke is allowed to escape 
up the chimney as carbon monoxide^ Assume 
that the coke is pure carbon 

15 A file extinguisher contains 25 liters of a 
solution in which theie is 10 g of sochum 
bicaibonate pei 100 ml of solution What 
(standaicl) volume of carbon dioxide can be 
produced tiom the contents of the extin- 
guishei? 

16 Carbon disulfide bums to form caibon 
dioxide and sullur dioxide, SO 2 What 
(standaid) volume of oxygen is leqiiiied for 
the combustion of one gram-molceiilai weight 
of carbon disulfide^ 
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THE ATMOSPHERE 


It appears from some recent experiments of Mr. 
Periling lliut an becomes lupad under a pressure 
oj 2000 atmospheres Tins requires tonlirtniUinn, 
ij true, It IS probable ihal pure oxrjgen and nitrogen 
gases may also he hqiiijicd hi/ the same degree of 
eompi Lssion 

A chemi&try textbook oe 1828 


1 Introduction 

The teira atmosphere lefeis to the mixtuie 
ot ga&es faunounclmg the caiih Its total 
weight IS about 5 7 X 10^'’ tons This mix- 
ture IS also comraonlv called air, although 
the latter term is otten used in lelcrnng to 
a small part of the atmosphcie Thus, wo 
usually speak of the air in a containei in- 
stead of the atmospheie Air was legarded 
by the ancients as an element, and until the 
lattei pait of the eighteenth centuiy, it was 
thought to be the only gaseous loim ot 
mattei When oKj^gen and hydiogen weto 
discoveied, they weie thought to be special 
kinds ot air, h 3 ’'diogen was called “inflam- 
mable” and oxj'gen “dephlogisticatcd” air 
The cxpei mental woik of Scheele, Piicstk'j'-, 
Black, Ruthcifoid, and Lavoisici, duimg the 
late eighteenth century, provided the back- 
ground foi Lavoisici’s explanation of an as 
a mixtme of oxygen and nitiogen, oi azote, 
as it was fiist called Duiing the last decade 
of the nineteenth centuiy, Loid Rayleigh 
and Sii William Ramsay discovered aigon 
(1894), and Ramsay (with Tiaveis) discov- 
ered neon, kiypton, and xenon Ramsay 
showed that these mcit gases, too, are con- 
stituents of the atmohplicre He also found 
tiacps of helium, the lightest of these gases 
In addition to the elements mentioned above, 
the air contains water vapor, carbon dioxide, 


Races of hydrogen, dust, and othei moie or 
less accidental substances 

This ebapter deals with all the components 
ot the atmospheie except oxygen, which was 
discussed in ChapLci 5, and nitrogen, to 
which special attention will be given in 
Chaptei 30 

2 Composition 

The iieicentagcs of the vaiious substances 
111 the au vaiy gieatly with the height above 
sea level at which the sample ol air is col- 
lected. 

The following table lepiesents the aveiage 
composition at sea level 

TABLE 1 5 


Composition of the Air, by Volume 


Component 

Percentage 

Nitrogen 

78 

Oxygen 

21 

Water vapor Va 

les greatly 

Argon 

0 94 

Carbon dioxide 

0 03-0 04 

Hydrogen 

0 01 or less 

Neon 

0 001 2 

Helium 

0 0003 

Krypton 

0 00005 

1 Xenon 

0.000006 

Average density, 1 29 g per liter, 
standard conditions 
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We cannot obtain definite infoimaLion 
about the composition of the extieme uppei 
limits of the atmosphere, but it appeals 
likely that the iiercentages of oxygen, argon, 
and caibon dioxide decrease gradually with 
increasing altitude The relative amount of 
nitrogen probalily inoreases slightly al, (nst 
and then dcci eases until at an altitude of 
about 50 miles, it is tlioiight, the percentage 
of nitrogen is very small, piobalily about 
2 pel cent The pci c, outage of hydrogen is 
thought to increase slowly for the first 30 
miles and then to ineiease rapidly until in 
the extieme ipipei paits of the atmosphere 
it IS practically the only sulistance piesent 

The pies'iuie ol tlie atinosijheic do(ica''eh fiom 
7Q0 mm at sea level to about 40 mm at ten mile-> 
and about 0 1 mm at tliiity unles 'Hie inossiiio 
is only about 400 mm at a beigliL of 15,000 tcct 
tiiplanes can asoend to heights in excess of 
40,000 feet Because of the deci eased piessuio 
at that altitude the coiicciitiation of oxygen is 
not siifficieiit to foim explosive inixtuies iiitli the 
“gas" 111 the cylindeis of the engine To oi'ei- 
oome this difliculty a supeicliaigoi is used — 
a device foi utilizing the exhaust of the engine 
in opeiatmg a compiessoi, wliicli feeds an to the 
engine at a piessuie of one (sea level) atmospheic 

Neai the earth’s suifaco small ainoniits of 
many othei dilfeient biibstan(;e,s may .sometimes 
be louud in the an Those aie the pioducls of 
the decay ot oigamc matenal, of oxidation, of 
volcanic action, anil of industiial activilii's They 
inehide such substances as ammonia, siillni ilii \- 
ido, hydiogen sulhde, and call ion monoxide 
Tiaces of hydiogen peroxide and ozone aic also 
usually ptesciit, while living foims of mattci aie 
lepieseuted by bacteiia, yeast cells, and the 
spoies ot molds and tungi lireail left m the aii 
soon shows growths ol molds ivluih stmt liom 
geiminatmg spoies that settle out ol the an 
upon the biead Bacteiia and yeast eclls aie 
can 10(1 by the an and aie responsible foi the 
processes of putrefaction and fei mentation In 
Older to piotcot food mateiials against then 
attacks, the speed of the changes whieli they 
produce may be slowed down by lefngeiatioii 
The oigauLsm.s may be killed by heat anrl the 
nuteiials may then be canned oi otlieiwise sealed 
to pi Blent the entianoe oi othei bacteiia fiom 


the ail Preseivatives may be added which kill 
the organisms or othei wise prevent their destruc- 
tive action Among the pieseivatives sometimes 
used are sodium benzoate in catsup, salt in meats, 

\ Illegal in ])icklc,s, and conceiitiated solutions of 
sugai in jams 

3. Air as a Mixture 

Even after the discoveiy that an contains 
moie than one substance and that it cannol, 
theiefoiG, be an clement, theie was some 
doubt concerning its exact nature The 
composition, cspcciiilly as logaids its two 
majoi components, oxygen and nitiogeii, 
a])|)cais to be appioxiraately constant Foi 
this leason thcic might bo some cause to 
su.sjiect that air is a compound and that the 
piop.iitions of oxvgpii and iiitiogen arc m 
acioidaneo with the law of delimtc piopor- 
tioiis Wo know, however, that the vaiums 
substances found in the an aie only pints oi 
a mixture This fact can be dcmoiisti ated 
in many chllcient ways 

(1) The coinposiiion ol iiu is not definite The 
percentages ot some of the suhslatices which aie 
always picsent show crinsidcuible vaiiations 
Tills IS pavticiilaily tiuc of waioi sapoi. Even 
the percentages of oxygen and mtiogeii aie not 
absolutely constant Saiiijiles of an collected 
111 dilfeiciit parts of the woild and unrlci rliifereiit 
conditions contain slightly moie oi slightly less 
than 21 pei cent ot oxygen and slightly more oi 
slightly less than 78 pei cent of nitiogcn The 
peueiilageol oxygen is higlioi in the open fields 
and m the woods than m cities In a ccitain laige 
Aniciicaii city, loi example, the percentage of 
owgen (dveiage ot iilioiit fifty analyses) is 20 95 
pel celt, while the lueiuge peiecntagc m the 
monntninsol Scotland is 21 18 ''I'he gieat viiiia- 
tions 111 the composition ol the an with aUitudo 
Ls Inithoi piool that an cannot be a compound 

(2) I.Kiuid an docs nut act as a compound A 
piiic liquid has a definite boiling point, but 
liquid an does not As its ti'iuperatuie uses, 
the coinposiiion of the liquid changoR and, 
hence, it.s boiling point also varies Certain 
paits of the an — water vapoi and caibon diox- 
ide — aio condensed to liquids and aie easily 
sepaiatcd long befoio the mam poition is liquefied 

(3) M hen a puie substance dissolves in water, 
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or in any othei solvent, it does so as a wliole 
The latio of the elements composing the siih- 
stanee is the same in the solution as it is in the 
imdi.ssolved state We find, howevei, that the 
iiitiogen and oxygen of the an have diffeient 
degiees of solubility Watei dissolves more 
oxygen than nitrogen, and as a result the com- 
position of dissolved an is diffeient from that of 
ordinary air This would not be tiue if the 
oxygen and nitrogen were chemically combined 

( 4 ) Chemical changes aie associated with 
changes in energy Heat is eithci liheiated or 
absorbed as a change occuis Yet when oxygen 
and nitrogen aie mixed at oidinaiy tempeiatuies 
and piessuies, theie is no change that indicates 
eithei the libeiation oi tlie absoiption of eneigy 
This must mean that no compound is produced 
when these elements ate biought together under 
the conditions that exist in the atmospheie 

( 5 ) Probably sufficient proof that air is a mix- 
ture lies in the fact that if air is a compound it is 
totally unlike any compound containing the two 
elements (nitiogeii and oxygen) that has ever 
lieon picpaied The oxygen of the air has the 
same properties as that winch is prepared under 
conditions which prohibit the presence of nitrogen 
and all other substances The only difference 
appears to be one of concentration Air js less 
concentrated with respect to oxygon than a 
sample of the pure element, because of the large 
percentage of nitrogen with winch it is mixed 
The oxygen of the air forms the same oxides, 
and supports combustion, decay, and other 
oxidation processes in the same matmei as pure 
oxygen, but it does so at a slower late 

The proportions of the different compo- 
nents of ail at one place on the eaith are, 
however, unusually nearly constant This 
condition is surpiismg, when we consider 
the fact that an is a mixture, and just why 
it is true cannot be explained entirely satis- 
lactonly Many lactors opeiate to change 
the composition ot the atmosphere, but they 
tend to balance tlie efleets ol one anotliei 
Caibon dioxide, lor example, is added to the 
atmospheie by the lespiration ol animals 
and by the combustion and decay of ma- 
ieiiiils coiitaiiiiiig caiboii These piooesses 
also lemove oxygon at the same time that 
they add caibon dioxide The percentage of 


carbon dioxide would gradually increase if 
ceitam agencies did not remove it at about 
the same late as it is added Plants absorb 
caibon dioxide and fiom it synthesize staich, 
sugai, cellulose, and the like During these 
changes oxygen is released to the air 
The life processes of plants theiefore tend to 
balance the effects of animal respiration, 
combustion, and decay upon the composition 
of the atmosphere 

The equilibrium conditions that exist be- 
tween the different components of the at- 
mospheie and then solutions in the watei on 
the earth’s suiface must also play an im- 
portant part m maintaining the nearly con- 
stant composition ot the atmosphere If a 
greater than noimal concentration of any 
one of these components appeals in the at- 
mosphere, moie of that component dissolves 
until eqiiilibiium conditions aio again es- 
tablished. 

4. Carbon Dioxide of the Atmosphere 

Large amounts of caibon dioxide are re- 
moved fiom the an duimg chemical changes 
m vaiious rocks Thus, a solution of caibon 
dioxide m water contains carbonic acid, 
which reacts with limestone and dolomite 
locks to form calcium and magnesium bicai- 
bonates Many millions of tons of the 
dioxide are lemoved each year from the air 
by this and similar leactions Water con- 
taining carbon dioxide dissolved from the 
ail also plays a veiy important part m the 
W'eatheimg of othei kinds of locks This is 
especially true in the decomposition of the 
feldspais, of which orthoclase (KAlSpOs) is 
an example The action of a solution ot 
caibomc acid (H./'Oj) upon this mineral is 
shown by the lollowmg equation 

2KAIS13O8 + H2GO,, -h HzO — 4 - 

K2CO3 -t- AbOa 2S1O2 2H2O (clay) -f- 

4S1O2 (sand) 

Although carbon dioxide is not extiemely 
soluble in watei, voiy large quantities must 
be icmoved by dissolving in the water that 
falls thiough the an as lam Some also 
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dissolves in the wateis of rivcis, lakes, and 
the seas, foiming a solution in which the 
c.'uboii dioxide is in equilibrium with the 
caibon dioxide in the an If the concentra- 
tion of this substance in the an should be 
inci eased, moie of it must dissolve to es- 
tablish eiinilibiium again 

Small quantities ol ihe caibon dioxide dis- 
.solvcd in watei may also be convortc'd liy 
diffeient forms of aquatic life into calcium 
caibonate, from which these organisms foim 
then shells and skeletons The watei can 
then dissolve moie carbon dioxide from the 
air Most of the caibon dioxide from which 
these calcium carbonate structures aie 
formed comes, however, from the carbonate 
carried m solution bv nvci watei that 
empties into the sea These soluble eaibon- 
ates aie produced duectlv duung the 
weatheiing of certain kinds ol locks But 
if traced back to its souice, the carbon diox- 
ide contained in the substances which iiver 
watei has in solution will prove to have 
come from the air It is said that the quan- 
tity of caibon contained in the carbonates 
found in sedrmentary rocks and dtssolved in 
the waters of the eaith is some 30,000 times 
the quantity which exists as carbon dioxide 
in the atmosphere If all ol it was originally 
present in the atmosphere — ol this wo can- 
not be sure — the percentage of caibon 
dioxide m the an would necessarily have been 
much gieatei then than it is now, and the 
increased quantities ol it must have made 
life, the temperatuie of the earth, and many 
natural kinds of chemical changes very 
dilfercnt liom what they aic in our at- 
mosphere In an atmospheie having such 
a high percentage ol carbon dioxide, the 
very existence of oxygen-breathing cioatuies 
would have been impossible Howevei, tlic 
existence of fossils ftom the ear host peiiods, 
and then similauty to those ol later peiiods 
in the eaith’s history indicate that at no 
time has the atmosphere contained excessive 
quantities of carbon dioxide 
Seveial theories have licen advanced from time 
to time concerning the original souice of the 


carbon dioxide m the air This subject is of 
interest because ot its beaimg upon the question 
ol the oiigin and development of loims of life 
One theory suggests that the caibon dioxide was 
added to the atmospheie in the begiiining by 
volcanoes, and assumes tliat caibon oiigmally 
existed in the eaitli as giaphite Tins, it is said, 
was coiiveitcd into the dioxide by chemical I'c- 
actions iictween giaphite and the oxides oi non 
(chiefly magnetic oxide), m which the laibon 
acted as a reducing agent Later, when plant 
life had begun, it was lostoicd to the earth in 
the foim of calcium caibonate deposits, and some 
of the caibon, in time, became coal Anotlier 
theory assumes that carbon dioxide was a con- 
stituent ol the onginal atmospheie of the oaith 
This theoiy also assumes that no oxygen was 
piesent niiginally and that the oxygen now found 
111 the atmosphei e was jilai oil theie hugely dining 
the Cailnniifeious pciiod by the action ot plants 
We cannot hnally decide questions such as these 
because theio is no definite method of submitting 
them to expel linen tal tests They aie closely 
associated with theoiies of the oiigiii of the caith 

The quantities of oxygen, caibon dioxide, 
and nitrogen m the an aie so largi' and the 
quantities added oi removed by plants, 
animals, and chemical changes of one 
kind or another aic relatively so small 
that the total quantities sultci only slight 
changes Changes at one phiee on tlu' 
earth’, s .siutacc may occui to a sufficient 
extent to become significant, but these aie 
soon destroyed by the winds that mix the 
an continuously and pi event ladical de- 
partures liom an avoiagc comiiosiiion 

5. The Water Vapor of the Atmosphere 

At a defimte Leinjicialure, a liquid evap- 
oiates into a closed space iiliove it until 
the piessLire ol the vapoi attains a didinite, 
maximum value When tins maximum vapoi 
piessiire has lieen ati, tuned, a state ol equi- 
librium is said to exist between the iKpiid 
and the vapoi The space aliove tlu' luiuid 
IS saturated with vapoi, oi the luimKhly is 
100 pel cent At low terapeiatuies, watei 
evaporates slowly, and only a small quantity 
of vapoi must be present in the space above 
the liquid to produce a humidity ot 100 pei 
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cent As the tempeiatiue uses, molecules 
escape fiom the suiface of the liquid more 
and moi e rapidly Coubcquenily, theie must 
be more molecules pei unit of volume in the 
space above the liquid m otdci that the 
number retuining to the luiuid inaj' be equal 
to the numbei leaving Hoiioe, as the tcra- 
poiatuie uses, moie and moic vapni is le- 
quuod to pioduce a humidity of 100 pci cent 

The relative humidity of the av is the latio 
(expiessed as pei cent) of the quantity of 
watei vapor pieseut in a given volume to the 
quantity which must be pieseiit to satmate 
the same volume Since the partial pressure 
of the watoi vapoi in the atmospheie is di- 
lectly piopoitional to the lelative amount 
of that siihstanec (by volume) m a given 
sample, the lelative humidity may be calcu- 
lated by compaimg the luiueous vapoi pies- 
suie of an to the maximum vapoi picssure 
of watei at the same temperatuie Thus, 
the vapor piessuie ol watei in equilibrium 
with watei vapoi at 20° is 17 5 mm If the 
partial piessuie of the waLei vapoi in the air 
at 20° IS 8 75 mm , the lelativo humidity is 
50 pel cent 

The water vapoi m the atmosphere is pro- 
duced by the cvapoialion of water from 
lakes, iivcis, seas, oceans, and soil The 
air above a large body of water, such as the 
ocean, may become entnely, oi almost, 
satuiatcd llhiids move this an over the 
suitace of the ocean and finally blow it 
acioss the land If the tempeiatvue of the 
land IS highci than that of the ocean, the air 
which was saturated with watei impoi , when 
it was ovei the water, can absoib more mois- 
tuie as it becomes waimei Hence the liu- 
midity falls to a value less than 100 pei cent 
But il the satuiatcd an that blows in fiom 
the sea is cooled, it will be capable ol holding 
less moistuie The excess may piecipitate 
as lam oi, li the tempeiatiue is sulheiently 
low, as snow 

Because watei molecules aic lightei than 
molecules of oxygen and lutiugoii, moist air 
is lighter than diy an Hence, an contain- 
ing much moisture tends to use At highei 


elevations its tempeiature maybe sufficiently 
icdnced to cause the moistuie that it con- 
tains to exceed the amount requned foi 
satuiation If this hapiiens, piccipitation 
may occui The dust pai tides in the at- 
mosphere play an important pait in piecipi- 
tation In the absence of dust, the satura- 
tion point may bo exceeded without any pic- 
cipitation, and the an is then said to be 
supci saturated with waLei Tuipor In dusi- 
fiee an containing only watei vapor and 
othci gaseous constituents, the condensation 
of watci vapoi is vciy slow aiirl difficult. 
The particles ol dust appeal to act as nuclei 
about which water condenses If theie are 
no such nuclei, the quantity of vapor pei 
unit of volume must be several times gi eater 
than the quantity reqiiuod for salination, 
before precipitation begins In the absence 
of dust, atoms oi molecules caiiving electii- 
cal cliarges (these aie called ions) may act 
as nuclei for coiideiisatioii 

Dew IS watei that condenses Irom the 
watei vapor m the an upon objects on the 
eaith’s suitace During the night these 
objects lose heat by ladjation, and then 
temperatuie falls below that of the air The 
ail which comes into direct contact with 
th?ie objects is also cooled, and if cooling 
ext ‘lids to a tempeiatuie at which the watei 
vapoi in the an exceeds the satuiation point, 
condensation occui s Since the cooling 
occurs only veiy neai the olijocts with 
which the an is in contact, watei foims on 
then suitaces Clouds aie composed of tiny 
dioplets of water or of ice ciystals, and are 
foiined at a height whore moist waim an in 
using is cooled sufficiently to pioduce con- 
densation and, sometimes, even fi cczing It 
the watei drojilets become hcavv enough, 
they tall as diojis of lain Fog is of the same 
chaiaitei and may be thought of as a cloud 
veiy near the caith's suilace 

6 Ventilation 

Adequate and efficient ventilating systems 
are essential in every building designed for 
woik or habitation Ventilation does not 
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mean meiely the renewal of the air supply as 
oxygen is lemoved and caihon dioxide is 
added by the lespiration of the occupants of 
a room oi of a building It was once thought 
that discomfort and dcpicssion in closed and 
pooily ventilated rooms were the elTects of 
the small percentage of oxygen and of the 
poisonous effects of the accumulated caihon 
dioxide This belief has been disproved 
Experience shows that the noimal oxygen 
content may be decioased even as much as 
50 per cent and the carbon diox'idc content 
may become as gieat as thiee pci cent (in- 
stead of the noimal 0 03 pei cent) without 
any feeling of discomfoit and with complete 
safety to the peisons who bieathe the air 
This does not mean, however, that such air 
IS just as good to bieathe as the noimal 
"out-of-doois” air with its 21 per cent of 
oxygen and 0 03 per cent of eaibon dioxide 
Certainly the noimal air is raoie mvigoiat- 
ing, and only when we bieathe it instead of 
an of abnormal composition may wc expect 
normal functioning of the vaiums parts of 
oui bodies in which oxygen is removed trom 
the an and is consumed The body is accus- 
tomed to functioning undci ceilain condi- 
tions which aie lepiesented by the avi'iage 
composition of the atmosphcie Naturdllv, 
it cannot be expected to adjust itsell quickly 
to compensate foi ladical changes in the 
envii onraent 

In a loom in which the ciiculation of air 
IS very pooi, the caihon dioxide conlcnt 
may become siifficienllv high to cause 
lioublo, piovided thnt seiTial peisons aie 
piesent to manutaetuic and hheiate tins 
substance, but this is not a lilcely liaiqieniiig 
Noi IS llieie any expcnmenfal evidence lo 
indicate that oigaiiic poisons “ciowd 
poisons'’ — aie expelled liom the lungs din- 
ing lespiiation The best available infoima- 
tion on the siibieet indicates Lhal tlie condi- 
tion of the ail, in a house or any olliei build- 
ing, which determines the comfort and 
health of the occupants depends upon tliiee 
lactois humidity, tcmpeiatuic, and ciicula- 
tion The humidity is important because it 


controls the evaporation of mmstiiic fiom 
the skin In closed looras the huniidity may 
become x'eiy high because ol the watei ex- 
haled flora the lungs ol the oecuiianth and 
evapoiatod fioin tlieii bodies As the 
humidity becomes higlioi and iqiproaches the 
satiuation point, eT'ajioiation lioni the skin 
ocuiis moie and moie slowly, and discornfoi t 
results The same oflcct is uoliced in suni- 
mei when the liumiditv of the an is higli 
Physical discomfort results bi'caiise the 
teinpeiature of the liodv eaiinot lx- eon- 
tiollcd by vaiiations in the amount ol mois- 
ture evaporati'd fiom the sin lace Condi- 
tions may be impioved by inamtainiiig a low 
tcinpi'iatiiie ((>8° P if jiossible) and hv 
keeping the an in motion It the iiii is mov- 
ing, tlieio lb no oppoitiuntv toi tlu' poll ions 
immediately bin louiiiling the body l.o Ix'come 
satiiiated, thus slowing down evaiioiation 
still moie 

In wiutei, cold an cont.iimng only small 
quantities of moisiiiK' is bioiiglit. iiil-o tlu' 
roomh of lioiises, ofhei's, and imlilic build- 


Oourlcsv (if Nttlmiat Initduh, „J Ilcnllh 

Figure 164 Laboratory Technician Working With 
Dangerous Materials 

Her Work is carried on in an isolated glass cubicle 
which IS completely air conditioned 
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mgs, where it is heated to a tempeiaturc of 
about 70° F At this lelatively high tem- 
po atuie, it IS capable of ahsoilimg much 
moie moibtuie than it could possibly contain 
out-of-doois Moisture evapoiates too rap- 
idly fiom the skin iindoi these conditions, 
and the body is chilled In oidei to lemedy 
the situation moie fuel is binned to laise 
the tempeiaturc ot the air, but this only 
aggravates the situation by causing even 
more moistuie to evapoiate In winter, 
therefore, provisions should be made to m- 
cieasc the humidity of the an If this is not 
done, the skin becomes dry and cracks Ex- 
cessively diy ail also causes furniture and 
walls to Clack INIodein piocesses of air 
conditioning arc now often installed in 
hotels, public buildings, homes, stoies, and 
in railway trams These piocesses provide 
for regulation of temper atuic, humidity, 
and circulation, as well as frequent lenewal 
For the greatest degree of comfort the air 
of buildings should have a relative humidity 
of 35 to 50 pci cent m wmtei, and 20 to 30 
per cent in summer 

THE ANALYSIS OF AIR 

7 Determination of Oxygen 

The iieu'cntage of oxygen in the air can be 
(leteimmcil by exposing sniiie substance which 
combines leadily with oxygen to a definite volume 
ol air Aftei allowing sufficient tune foi tlie le- 
actinn to be completed, the decrease m volume 
IS measured to deteimme the peicentage (by 
\olume) of oxygen Phosphorus is sometimes 
used to leact with the oxygen Copper is also 
used A definite volume ol an may lie mixed 
with a racaMiicd volume of bydiogen and tlic 
inixtuie exploded by an electric s])aik II the 
water vapoi which is produced is condensed, 
one thud of the contraction in the volume may 
be taken as the volume occupied by the oxi'gen 
111 the sample This calculation is based upon 
the combining piopoition (liy lolume) of hydio- 
gen and oxygen (2 1) Still aiiotbci method con- 
sists m shaking a sample of an with a inixtnie 
of iiotassumi hydi oxide and iiyiogallol This 
imxtuie icmoves the oxygen, and the peicentage 


of the element is detei mined by measuring the 
contraction m volume as in other methods 

8 Determination of Water Vapor 

The peicentage ol watei vapoi in the an can 
1)0 determined by passing a definite volume of 
ail through a previously weighed tube contain- 
ing calcium chloiicle, or some otliei substance 
winch combines icadily with watoi Aftoi the 
passage of the air the tube is weighed again to 
determine the weight of watei which has been 
absoibed Tins weight can be used to calculate 
the percentage of water vapor (by volume) il 
clesii ed 

9 Determination of Carbon Dioxide 

The peicentage nt caibon dioxide can lie 
(Icteiiumed by passing a dchiutc \olumc of an 
thiough a tiilie coiitaimng some substance which 
leacts with the dioxide The absoibent usually 
employed foi this purpose is sodium or potassium 
hydioxidc, and sodium oi potassium caibonate 
lb foiined From the gam in weight of the tube 
containing the alisorbent, the pcioentage of 
caihon dioxide by w'oight and by volume can be 
calculated 

10 Determination of Nitrogen and Argon 

Attei the lemoval of oxygen, caibon dioxide, 

and watei vapoi, by the methods piex’umsly 
desciibed, the residue consists cluelly oi iiitiogeii 
and aigon These two gases may be sepaiated by 
passing the mixtuie ovei hot magnesium The 
nitrogen comhmes with the metal to foiin the 
mtiide MgjNi, and the aigon lomaius tiee 
The percentage ol aigon is about 0 9 and that of 
mtiogeu is appioxunately 78. 

1 1 The Liquefaction of Air 

The pioductioii ol liipiid an has become 
an impoitaiit iiidustii, oi lathei an impoi- 
tiuit pait oi .seveuil mdustiios whicli use 
oxygen, nitiogeii, aigon, and neon In 
scientihc work, liquid an finds consideiable 
use whenever extremely low tempeiatuies 
aie desiiablc It is also used to remove 
moistiiie from gases by freezing Charcoal 
cooled hv lupud an is used to remove gases 
and to pioduco high vacua Mixed with 
finely divided chaicoal oi other carbona- 
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ceous mateiial and packed in caitridges, it 
forms a poweiful explosive 

Because its components boil at voiy low 
tempeiatiiics (—195° to —183°), liquid air 
cannot be kept in an ordinary containci, 
such as a bcakci oi a bottle If it is to be 
pieseivcd for any length of time, provisions 
must be made to insulate it from external 
sources ot heat This can be done by placing 
it in vessels so constructed that heat liom the 
outside IS conducted very slowly to the 
liquid ail in the containei The Dewar flask, 
an excellent containei foi liquid an, is made 
of double glass walls, and the space between 
the walls is highly evacuated Heat docs not 
readily pass thioiigh a vacuum, hence the 
contents ot the flask arc pioleeted ftom 
thermal conductu'ity The flask is stoppered 
by means ot a iilug ol loose cotton, which is 
also a poor condiictoi The walls of the 
flask — in the evacuated space — may be 
silvered so that heat liom the outside is 
reflected instead ol being absorbed Thermos 
bottles are designed in a similai mannei and 
arc used to keep liquids hot or cold by pre- 
venting heat exchanges with the suiiound- 
mgs 

Liquid an, like the usual state of tiro almos- 
plieic, IS a iiiixUire and, tlieicfore, has no definite 
melting point, boiling point, oi composition It 
resembles water in apjiearance, liut it has a 
slightly more bliUKli color, which becomes more 
intense as the nitrogen escapes and the conccn- 
tiatioii ol oxygen niciea^cs Otliei piopeitios, 
such as the density (aveiage about 0 9) and the 
boiling point, vary with the composition The 
most spectacular puiperty of liciuid an i'- its 
effect upon many ooimncm objects, an ellect 
piodiioed by the cxtieinely low ieinperatuie of 
the substance Flowers, vegetables, and fiuits 
immersed in liquid an heenme so hard and buttle 
that they can be pulveiized oi shattered Rub- 
ber, similarly cooled, becomes as buttle as glass 
Mercury can be fiosen into a hard mass, which 
can be used as a hammer Substances cooled 
to the temperature of liquid air react very slowly, 
although the rate of oxidation is increased be- 
cause of the effect of the greater concentration 
of oxygen in the liquid 


THE INERT GASES 

The an contains almost one ]ici cent, by 
volume, of argon and much smaller amounts 
of helium, neon, krypton, and xenon Be- 
cause ot then chemical inactivity, those ele- 
ments are called the inert gases No corn- 
liouiids of these elements have c'vei bec'ii 
made, with the possible exception of a lew 
unstable substances, such as hydiates of 
three ol the elements and a chloride of 
krypton Radon (page 247) is also an ineit 
gas 

The inertness of these elements is ex- 
plained by the stiiictuics ot then atoms 
For every element of the lamilv the outer- 
most electron group oi the atom contains 
eight elections, a number which we have lo- 
leiicd to as lepiesentmg the greatest possible 
degree of stability for the outermost gioiip 
As a lesult, the atoms ot these elements do 
not lose, gam, or share elections, and thou 
stiuctuies represent the stability which 
other atoms attempt to attain m then leac- 
tions Many of the physical properties of 
the mcit gases are also undoubtedly related 
to the stiuetuie oi then atoms Not only do 
they fail to combine with other elements, 
but then atoms do not combine with each 
othci — then molecules are inonatomio 
Theie is also very little atti action between 
then molecules, and cohesion is consequently 
veiy blight Because of this condition, the 
velocity oi the molecules must be i educed to 
a vciy low value before moleculai attraction 
IS made to inevail and the gases can lie 
liquefied The scpaiation of the molecules 
against this weak moleculai atii action is also 
peiloimed without difficulty; consequently 
the molecules, when once reduced to the 
liquid state, need not be raised to a very 
high temper ature to cause their escape 
This condition results in extremely low boil- 
ing points The densities oi the gases vary 
considerably — from helium, which is the 
lightest of all gases after hydrogen, to xenon, 
which is about four times as heavy as air 
The boiling points and densities (under 



322 


THE atmosphere 


standaid conditions) of the members of 
tins gionp of gases aic given below 



Density 

Boiling Point 

g 

per liter 

C° (1 atmos) 

lie 

0 1785 

- 268 9 

Ne 

0 900 

- 245 9 

At 

1.782 

- 185 8 

Kr 

3 708 

- 1518 

Xc 

5 85 

- 1C91 

12 History of the Inert Gases 



Cavendish, in 1785, was the first investi- 
gator to find evidence of the picsence of the 
inert gases in the atmosphere — oi any- 
where Howevei, he did not leahze the sig- 
nificance of his discovery. After causing all 
the nitrogen m a dehnito sample of an to 
combine with oxygen, under the influence ot 
an electiic spaik, and after removing the 
excess of oxygen and the pioducts of the le- 
action (NO and NO 2 ), Cavendish found that 
a small pait (about 0 008) of the original 
sample of an lemained This did not ap- 
peal to be nitrogen, since it could not be 
made to combine with oxygen; and it was 
not oxygen 01 any product of the leaction 
between the two elements because it was not 
removed by substances which effectively 
absoibed 01 leacted with these substances 
The findings of Cavendish went without 
explanation and with only casual consideia- 
tion for more than one bundled yeais In 
1894, Loid Eayleigh found evidence of an- 
other sort to indicate that the atmospheie 
contained small quantities of one or moie 
luthcito unknown substances He found 
that the nitiogen prepaied from air had 
slightly different properties fiom that pre- 
pared fiom some nitrogen compound, such 
as ammonium nitiite In particular, he 
called attention to the difference in density 
between nitiogen samples prepared from the 
two sources The sample prepared fiom 
ail was always heaviei than an equal volume 
of the other In seeking an explanation of 
this diffeience, Lord Rayleigh was joined 
by Sir William Ramsay, who found a small 
percentage of the nitrogen-fraction of an 


that would not combine with magnesium to 
foim a lutiide It became necessaiy, thcic- 
foie, to lecognize this residue as a new ele- 
ment This element was named argon (lazy) 
because of its chemical ineitness In the' 
.same yeai, 1S94, spoctioscopic evidence 
(page 233) led to the discovery of the ele- 
ment in the sun’s atmosphere 
.lanssen, in 1868, found a line m the spec- 
trum of the sun which could not be identi- 
fied as belonging to the spccti a of any of the 
elements then known Lockyei assumed 
that the line belonged in the spectium of an 
element not known on the eai th Since the 
element was part of the siin, he gave it the 
name hehum (sun) This element was not 
dibcovcied on the eaith until 1889, and was 
not really lecogmzed until 1894 (by Ram- 
say) Discoveiy was made by spectroscopic 
examination of samples ol the gas expelled 
when uiamum-beaiing minerals aie heated 
The spcotioscopc levealed the same line in 
the spectrum of this gas as had been ob- 
seived twenty-seven yeais provioixsly in the 
sun’s spectium 

Neon, krypton, and xenon weie discoveied 
by Ramsay and Travers m 1898 Liquid an 
was carefully distilled, and dilfeient fractions 
weie collected at vanous temperature, s 
Each of the fiist fi actions was fuither sop- 
aiated by distillation, and the different 
samples weie studied with the aid of the 
spectioscope The spectia levealed lines 
belonging to three hitheito unknown ele- 
ments, which weie called neon (new), 
kiypton (hidden), and xenon (stiangei) 
Radon, previously called niton, is also a 
member of the family of meit gases It is 
produced by the ladioactive disintegiatioii 
of radium and is itself radioactive (page 247) 
Because of its rapid late of decay (page 250), 
this gas can never be piesent anywhere in 
any considerable quantity and is not 
present in the atmospheie 

13. Production and Uses of the Inert Gases 
Argon, neon, krypton, and xenon are pie- 
pared by the fractional distillation or by the 
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fractional liquefaction of air Both of these 
methods depend upon differences in the boil- 
ing points of the components of air Until 
the fiist Woild War, helium was pioduced 
by heating uiariium mmeials and was un- 
obtainable in lai gc quantities Like krypton 
and xenon at the present time, it had no 
practical value and was known only as a 
laboratory “eiiiiosity,” if it was known at 
all It sold — if and when a pui chaser was 
found — foi about |2500 per cubic foot 
The govoininent now operates a plant in 
Texas for the lecoveiy ot helium flora nat- 
ural gas This plant can supply some 
25,000,000 cu ft annually, and the cost 
of pioduction has been reduced to about 
3/1,000,000 of the cost prior to 1918 
The natural gas from wells in certain re- 
gions in Texas contains a laigo percentage 
ot nitiogen and one pei cent (oi slightly 
moiej ot helium The helium is lecoveied 
by liqui'tying the other constituents at a 
temperature and prossuie at which helium 
(b p -208 90) lemams in the gaseous state 
The problem olfeied many ditliculties but 


was solved in a remarkably short time in 
response to the urgent demands of the 
country’s military forces Observation bal- 
loons and othei lighter-than-aii craft had 
previously been inflated with hydrogen 
Because of its extremely combustible char- 
acter, the use of hydiogen for this purpose, 
especially during military operations, is very 
dangerous Helium, being next to hydrogen 
in lightness, and consequently in lifting 
power, was the only gas that met the ic- 
quiremcnts ot low density and non-combusti- 
bility Its density is 0 178 (grams pei litei) 
and it has a lifting power of about 92 pei 
cent that of hydrogen, although it is twice 
as heavy 

Helium mixed with oxygen is sometimes 
supplied under high pressures to men who 
must woik in caissons, in diving bells, or in 
diving suits at considerable depths in water 
When an is used, nitrogen appears to dis- 
solve in the blood under the high piessuios 
at which the air is taken into the lungs 
When the diver emeiges he is likely to de- 
velop the condition called “bends,” unless 



Figure 165 Diagram Showing the Parts of a Plant Designed 
to Separate the Different Constituents of Air 
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he enteis a pressure-chambeij wheie the 
pressuie of the air winch he breatheb ib low- 
eied giadually If he steps immediately 
into the atmospheic, wheie the pressuie of 
the ail which he breathes is veiy much 
lowei than that supplied him when he was 
beneath the surface, the nitrogen which has 
dissolved iii his blood quickly escapes from 
solution and forms bubbles This is believed 
to be the cause of “bends ” If helium, in- 
stead of nitrogen, is used to dilute the 
oxygen, the danger seems to be moie easily 
uveited 

Aigon IS used to fill the space around the 
filaments in electric light bulbs This gas 
does not conduct heat as well as nitiogen 
does, theiefore, in a light bulb filled with it 
there is less heat lost thiough conduction 
fiom the filament to the glass walls and the 
air outside Argon also letaids the vapor- 
ization of the tungsten that composes the 
filament Both oi these effects allow the 
filament to be heated to a liighet temperature 
and hence to emit moie light 

Neon, and sometimes aigon and helium, 
aie used in pioducmg the tubes commonly 
called “neon signs ” These tubes ate widely 
used as advertising signs and as beacons for 
ships and airplanes They cost consideiably 
less to opeuite than the old-fashioned “elec- 
tiic light” sign, and give bettei and taithei 
penetiation, partieulaily through fog The 
coloi of the light emitted by a “neon tube” 
depends upon the coloi of the glass of which 
the tube is made and upon the contents 
Different colors are produced by different 
mixtuios of aigon, neon, and meicuiy vapoi 
in tubes made of glass of various colors 
The tubes are opeiated at about 10,000 
volts but at low ampeiage — about 30 
milliampeicb (thousandths of an ampeie) 

Review Exercises 

1 Wild! tacts bhow that air is a mixture and 

not a compound'^’ 

2 What niiposing factors cause the composition 

of ail to be almost constant‘s 

3 Jlxplaiii what is meant by the i elative humid- 


ity of the air. When is the humidity one bun- 
dled per cent? 

4 Describe the conditions midei which rnoistuie 
is piecipitated horn the an 

5 What lequiiemeiits should be met in provid- 
ing adequate and efhciont ventilation? 

6 A sample of liquid air has a density of 0 91 
and contains 24 pci cent (by weight) of oxy- 
gen What Volume of oxygen undez standard 
conditions can be produced fiom 10 litcis of 
the liquid assuming that the oxygen obtained 
is pure and that its lecoveiy from the liquid 
is complete ‘i’ 

7 A dry 80 ml sample ot oxygen and nitiogen 
was mixed with 50 ml of hydiogen and the 
mixture exploded Aftei the condensation 
of the water vapor, the gas remaining had a 
volume of 100 ml and contained hydrogen 
and nitiogen (a) What peicentage of the 
oiigmal sample was oxygen'? (l>) What pei- 
centage of the residue was hydrogen'? (As- 
sume constant conditions ) 

8 Explain the meaning ot the following state- 
ment The relative humidity of the atmos- 
phere IS 80 per cent Is the lelative humidity 
of the atmosplieie lowei geneially in the 
wnitei than m the summei ? Explain. 

9 Why IS the hftmg powei of helium moie than 
92 pel cent that ot hydiogen, although the 
density of hehum is appioximately twice 
that ot hydiogen? 

10 What constituents ot the atmospheic aie 
likely to vary considerably fiom day to day 
111 one location? 

J1 Why IS the ail in houses during wmtei 
weathei likely to be driei than in summei'? 

12 Describe methods used in pioducmg the 
melt gases and name some of then uses 

13 Why has the spectioscopc been used so ex- 
tensively m the investigations oi the iiioti 
gase.sT 

14 Deseiibe an expciiment by which you could 
piove that the atmospheie has weight 

15 Why does the piessuie at one place on tlio 
eaitli’s surface vaiy'? 

16. How is dust related to the precipitation of 
moisture fiom the aiD 

17 A sample of an contained a quantity of 
oxygen that occupied 10 hteis at a ceitam 
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teinpeiaiuic and undei a ceitaiii piehbiiie 
Wliat voliimp, iiipasiiied at tlie same tem- 
peiatiire and piessiiie, should the aignii 
obtaiiiahlo fioin the same sample ol an 
occupy'^ 

18 What weight and vnliime, undei standaid 
conditions, of caihon dioxnle would have to 
he leinoved fioiii the an to conveit one ton 
ul piiic oithoclase (page 31f)) into the suli- 
stances pioduced hy weathciing? What 
Yoliinie of an, aiipioximately, contains this 
quantity of caihon dioxide? 

19. The relative luimidity of the an m a room 
is 30 per cent What is the partial pressuio 
of the watei vapoi in the air, if the tempcia- 
tuie IS 30° C ? (Hee Table I, Appendix ) 

20 Compaie the amounts of watei vapor in an 
that IS satin ated with vapoi at 20° C and 
ato°r 
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Happy the man who, studying nature’s laws, 
Through hiown effects can trace the seuet cause 

DHYUEN 


1 . Introduction 

The first family of dements that we shall 
study consists of four membeis — fluorine, 
chloime, biommo, and iodine' — which are 
located in group seven of the periodic table 
This family has been given the name halo- 
gens, which IS deiived fiom Gieck woids 
meaning “foimers of sea salt” and refers to 
the occuiience of salts of chloiine, biomine, 
and iodine, and of at least tiaces of salts of 
fluorine in sea water The most familiai 
of these salts is sodium chloride, NaCl, the 
coi responding sodium salts of the other 
halogens aie sodium fluoiide (NaF), sodium 
biomide (NaBi), and sodium iodide (Nal) 
Salts of the elements with the metals, and 
then hydrogen compounds, aie known as the 
halides 

In discussing the pioporties of the halo- 
gens and their compounds, we shall empha- 
size family relationships This will make 
0111 study easiei to follow, and at the same 
time will serve to show the value and mean- 
ing of the pei iodic classification of the ele- 
ments 


CHLORINE 

2 History 

Chloiine was piobably fiist piepared in 
1774 by Scheelc, shortly aftei he had pre- 
pared oxygen Priestley had already pie- 
paied a gas which was called, at that time, 
maiine oi muiiatic acid, because it was 
made tiom “sea salt” and was known to 
foim the solution of a stiong acid when it 
was dissolved in water, This acid is now 
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called hydiogen chloiide, oi hydrochloric 
acid Lavoisier decided that “marine-aeid 
gas,” like all acids accoiding to his idea of 
acids, contained oxygen Scheele treated 
this gas with pyrolusite, oi “magnesia 
nigra,” which is a natuial foim of manganese 
dioxide (Mn02), and found that a lathei 
heavy, greenish-jicllow gas was piodiiced 
We now know that the pioduct of this le- 
action IS chlorine, but Scheele did not iccog- 
nize it as an element He called the new 
substance “dephlngisticated manne-acid 
air ” Others found that the gas would dis- 
solve in water and that oxygen was evolved 
from the solution, This behavior, together 
with the fact that it was produced by the 
action of an oxidizing agent, seemed to indi- 
cate that the substance was an oxide of the 
same “element” as maiinc-acid gas itself, 
but that it contained moie oxygen than the 
latter It was called, theiefoie, “oxymuri- 
atic 01 oxymaiine acid ” This view was 
inconsistent with Lavoisier’s theory of acids, 
howevei, since the strength of an acid was 
supposed to increase with increasing oxygen 
content, while the green gas pioduced by 
Scheele was found to pioduco a weakei acid 
solution than the gas from which it was 
foimed This inconsistency with theory led 
Davy to attempt to produce oxygen from 
“oxyraaiinc acid,” but his attempts resulted 
in failuic Davy decided that the substance 
was an element, and he gave it the name 
chlorine, because of its green color 

Davy’s discovery also made iiecessaiy a change 
m the conception of acids It had already been 
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shown that “maiine” acid can be piepaied by 
the comimiation of hy(lio|>,eii and chloime 
Hence, when Davy showed tliat chloiine is an 
element and contains no oxygen, it liecame 
apparent that heie was one acid, at least, in 
which oxygen was not piesciit Fiom this time 
on, the element common to all acids was lecog- 
nizod as hydiogen instead of oxygen. 

3 Occurrence 

Because of its pronoiineocl activity as a 
non-metal and its consociucnt tendency to 
combine with metals, cliloiiiie is never found 
natuially m the fiee state In the combined 
state, however, it is one of the model atcly 
abundant elements of the eai til’s crust Its 
most abundant, natuuil compounds aic the 
chloiides ot ccitain metals Of these, sodium 
chloride is liy far the most abundant This 
compound is found in sea walei, which con- 
tains about 2 5 poi cent ot sodium chloiide, 
in biines Irom salt wells, and as a mineral 
deposit in the eaitli Hock salt is a mmeial 
loim of sodium chloiidc and is sometimes 
called “halite ” Natuuil deposits of potas- 
sium, calcium, and magnesium chlorides aie 
also lound, usually in association with so- 
dium cliloiide and such othei substances as 
calcium sullate and magnesium sulfate 
Some ol those deposits have been foimed 
by the evaporation of sea watci in aims 
which have been scpaiated fiom the mam 
body of the sea by geological changes in 
which the land was elevated Othei s have 
been loimed by the evaporation of water 
fiom lakes which have no outlets The 
lattei piocess is now going on in the Great 
Salt Lake and in the Dead Sea, in both of 
which the watei contains more than 20 per 
cent of sodium chloride In time, deposits 
foimcd by the cvapoiation ol sea watci may 
be coveied by layeis ot sediment, several 
extensive deposits of this kind aie known to 
be below the earth’s surface in many differ- 
ent counti ICS The deposits m the Stassfurt 
legion of Geimany and in Alsaco-Loiiame 
have been mined for many yeais Then 
value depends not upon their sodium chlo- 
ride content, but upon the potassium salts 


they contain These salts, commonly called 
potash, are used as foitihzei 

Most of the chloiides found in natiue are 
soluble, and theiefore have collected m the 
waters of the sea One insoluble chloiide, 
that of silvei (AgCl), is found natuially It 
is called horn silver and is one of the ores 
from which silver is obtained 
Hydiogen chloiide is found natuially in 
the gastric juico, wheie as a solution of liy- 
dtochloiic acid it aids in the digestion of 
ccitain kinds of foods This acid is pioduced 
m the body in some mannei fiom the salt 
contained in or added to diffeient kinds of 
foods Some animats, notably dogs, produce 
a laiger peicentage of hydiochloiic acid m 
their gastiic juice than man In man, the 
noimal pcicenlage is about 0 3 Sodium 
chloride is also picsont m the blood and m 
vaiious oilier fluids ol the body 

PREPARATION OF CHLORINE BY THE 
OXIDATION OF HYDROGEN CHLORIDE 

4 The Deacon Process 

Hvdrogcn chloiide and oxygen loact voiv 
slowly at oidmary teinperatuies to piocluco 
chloiine and watoi 

■1 HC’l -k Oa qr± 2 C'U -k 2 HaO 

The Deacon process foi pi oduemg chloiine 
IS based upon this reaction At one time, 
this piocess was used very extensively, but it 
has now been displaced, as a commeicial 
souice of chloiine, by other processes which 
opeiate at lowei cost, and which also produce 
other substances, some of which aie moic 
valuable than the chlorine itself In the 
Deacon piocess a imxtuie ol hydrogen chlo- 
iidc and air is diawii thiough a chamber 
containing lumps of pumicc that are im- 
pregnated with a solution of some copper 
salt, usually coppci sulfate oi chloride, which 
acts as the catalyst The tempeiature at 
which the reaction is earned out is about 
350°— ±00° C In the presence of an excess 
of air, about 80 per cent of the hydrogen 
chloride is converted into water and chlorine 
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5 The Oxidation of Hydrogen Chloride by 

Manganese Dioxide 

( ihloniiG IS also produced l^y the action of 
many oxidizing agents upon hydrogen elilo- 
I'lde fn preparing the element in the labo- 
latoiy, pyroluhite (Mn 02 ) is often used 
This, it will be lomembered, was the leaetion 
used by Scheede in piepaiirig what he called 
“dephlugHireated maiiiie-acid air ” The 
manganese dioude is placed in a flask and 
concentiated hydrochlouc acid is added 
through a thisUe tube or “dioppmg” funnel 
Chloiine IS evolved more rapidly if the 
mixtui e is warmed shglitlv The gas is usu- 
ally collootod by being allowed to displace 
the ail in an upi ight bottle oi cyhndei , 
it does this leadilv, because it is heaviei than 
ail The leaction by which chloune is pio- 
duced IS 

MnO^ + 4 (I-I+ + 01-j ^ 

(]Mn++ -t- 2 C1-) -I- C'b + 2 H 2 O. 

Sometimes chloiine is prcpaicd by adding 
concentiated sulfuiic acid to a mix-tuie of 
manganese dioxide and solid sodium chlo- 
iidc The leaction is tlie same as that be- 
tween manganese dioxide and hydrogen 
chloiide, except that sultuiic acid fust acts 
upon the salt to liberate hydrogen chloride 
(Since little 01 no watei is piescnt, 10 ns are 
not shown in the equation ) The complete 
equation, omitting the intermediate steps, 
may be written as lollows 

2 NaCl -t- 2 H 2 SO, + MnOo — 

CI 2 -b Na.SOi -b MnS04 + 2 H 2 O 

6 The Use of Other Oxidizing Agents 

Othei oxidizing agents may be used in 
place of manganese dioxide to libeiate chlo- 
iine fiom hydiogon chloride or othci chlo- 
iides Potassium peimanganate (KMnOj) 
is sometimes used to picpaie small samples 
of chloiine, hydiochloiic acid is added to a 
solution of this compound, and the mixture 
IS waimed to expel the chlorine (Concen- 
trated acids, especially sulfuiic acid, and 
solid potassium peimanganate libeiate pei- 


mangamc acid, which decomposes explo- 
sively, such mixtuies must, theiofoie, always 
be avoided ) The leaction is shown by the 
following equation 

2 av+-bMnOr)-bl6(H+-bCl-) ^ 

2tK++Cr)+2(MiCi-+2 CI-)+8 11.0+5 Cl, 

It will be noted that the valence numbei o( 
manganese m this icaction is i educed fioni 
+7 to +2 

Potassium dichiomate (K2C12O7), lead 
dioxide (Pb02), potassium chlorate (KClOd, 
and nitric acid (HNO3) may also he used to 
oxidize hydiogen chloiide The equations 
for the reactions aie 


(2 1+ +Cr207") + 14(H+ + Cn >- 

2(K++Cl-)+2(Ci++++3 Cn+3 Cl,+7 II^O 
Pb02+4(II++Cl-) — >- 

PI)Ch + +C1.+2 ipo 
(K-' +C10,-)+6(H++Cl-} — >■ 

(K‘^+Cl~)+3 Ch+3 bhO 

2(11' +N0r)+6(H++Cl ) >- 

2 NO + 3 CI 2+4 HjO 
(Othei leactions may occur ) 


Chloiine is also produced by adding an 
acid to bleaching powder, CaOCfl 2 

CaOCh + (2 H+ + SOr) — ^ 

GaSOi 4- + H 2 O + CI 2 


PRODUCTION OF CHLORINE BY 
ELECTROLYSIS 

Chloiine is usually produced, for com- 
mercial purposes, by the electroly.sis of an 
aqueous solution of sodium chloiide 

7 The Cell and the Ions 

The chemical changes that occur when a 
solution of sodium chloiide is elccti olyzed 
aic explained with the help of Figuie 16b 
The electrodes — positive anode and nega- 
tive (Mlhode - are connected to the two 
opposing terminals ol a battery 01 a gcncia- 
toi of direct current The battery 01 gen- 
eiatoi produces a difference of olectiical 
potential between the two electrodes by 
mci easing the numbei of electrons on the 
cathode and decreasing the numbei on the 
anode (page 110) The sodium chloiide, in 
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Figure 166 Tne Electrolysis of a Solution 
of Sodium Chloride 


the solution ol the cell, is composed of sodium 
and chloiide ions The pioperties ot water 
indicate tliat it, too, contains a small num- 
ber of hydrogen ions '■ and hydioxyl ions 

An aqueous solution of sodium chloude 
contains, therefmo, molecules ol watci and 
ions of sodium, chloiidc, hydrogen, and 
hydioxyl Undei the inQucncc of the dilfei- 
ence of potential (voUage) existing between 
the anode and the cathode, the positively 
charged ions of sodium and hydiogou mi- 
giate, or move, towaid (,ho cathode, the 
nogativcty chaigcd chloiidc and hydioxyl 
ions migrate iowaid the anode. 

8 Reactions at the Cathode 

Upon leaching the cathode, the positively 
chaigcd sodium and hydiogcn ions may he 
conveited into neutial atoms This means 
that an olectron is tiansfciied iiora the 
cathode to each sodium or hjdiogen ion, 
thus lestoiing the number of elections le- 
quiicd foi the electiical noutiahty ol the 
atom Now the ai.oms of diffeicnt metals 
and hydiogen show dilleient degiees of ac- 
tivity m losing {'leetroiis and becoming posi- 
tive ions Sodium is moic active than In dio- 
gen, its atoms aic more readily conveited 
into iiosil ive ions than ihusc ol In drogeii If 
we look at the inattei lioiii the otliei diiec- 

' We sliall speak of these as simiilc' hydrogen 
louB, II', although as jircviously explained they 
are ulualh liydiated hydiogcn ions, surh is 
PtjO’’ See page 15.5 These ions are piobaldy 
Iirodvned by a reaction involving two niolei ules 
of watei 

HOH + iroH — y 1-UO+ -t- on- 


tion — stalling with ions instead of atoms — 
the positive ions of the moie active metallic 
elements show less tendency to acquire elec- 
tions from the cathode than the ions of the 
less active elements, sodium ions aie con- 
verted into neutral atoms less readily than 
hydiogen ions Certain voltages are le- 
qiiiiod foi each of these changes, and the 
leciuired voltage is greatei for the discharge 
of .sodium ions than for hydiogen This 
means that if the sod aim ion removes an 
election from the cathode, thus becoming a 
neutral atom, there must be a gi eater con- 
centration of elections on the cathode than 
IS leqnuecl bcfoic the hydiogen ion can 
I’omovo an election In othei words, the 
electrons on the cathode must be more 
“ciowded" befoio the sodium ion with its 
lelatively weak attiaction for elections can 
pull one away 

Hvdiogen, theicfoie, is libeiatcd at the 
cathode when the voltage is not sufficient to 
libciato sodium Furtheimore, if metallic 
sodium weie liboiatcd, it would leact im- 
mediately with water to form sodium hy- 
di oxide and hydi ogen In any event, hydi ei- 
gen IS dischaiged and .sodium ions remain 
in the solution As hvdivigen ions arc dis- 
chaiged and lemovcd fiom the solution, 
more molecules ot vvatci foim ions Those 
changes lead to a gieatci and gieatei con- 
centiation of hydio.xyl ions in the vicinity 
of the cathode These ions and those of 
sodium, which lemain uiidischaiged, give a 
s ilution of sodium hydi oxide It this solu- 
tion IS lemovod fiom the cell and evaporated 
to dryness, solid sodium hydi oxide i.s pio- 
duced This piocess is one ol the im- 
portant commcieial methods liy which this 
suhst,aneo i.s niLidc 

9 Reactions at the Anode 

('hloudo and hydioxyl ions migiate to- 
waid the anode, wlicic the diloiide ions 
aie dischaiged liy the fiaiisfer of an electron 
from each ion to the anode This transfer 
leaves the chloiinc atom with its noimal 
numhci of seven eloction.s m the valence 
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level, and two atoms then combine with each 
to form the molecule, C'h Since chloiine i& 
not very soluble in the solution, most of it 
escapes The hydroxyl ion is not discharged 
at the anode at the voltage lequiied to dis- 
chaige the chloiidc ion, it is more difficult 
(leqmics a highei voltage) to lemove the 
extia electron, which is lesponsible foi the 
negative charge, fiom the hydioxyl ion than 
it IS to remove this electron from the chloride 
ion 

1 0 A Commercial Type of Cell for the Produc- 
tion of Chlorine 

The chloune, which is discharged m the 
\icnuty ot the anode, dissolves to some extent 
and leacts readily with the sodium hydi oxide 
wiiicli ih iitesent in the solution to foim sodium 
hypochloute (NaClO) and salt 

2 (Na+ + on-) + Cb — >■ 

(Na+ -h CIO") -h (Na+ q- Cl") -f H.O 

This leaotion inteifeies with the pioductioii of 
both chloimo and sodium hydioxide and must he 
pievented, as tai as is possible, by piovidiiig 
conditions which will keep the two substances 
.sepal ated This is usually acconiphslied by 
sepal ating the anode and oatliode compai tments 
of the electml}’tic cell liy a pciious diaphiagm oi 
paitition This paitition must peimit the migia- 
tion ol the ions Difficulty is cncoiiiiteied m 
hndiug a diaphiagm which will effectiiely sep- 
aiate the chloune and sodium hydinxide witliout 
offeuiig ton gloat a lesistance to the migiation 
of ions through the solution The constiuction of 
a cell m which such a diaiihiagm is used is shown 
in Figure 167 Cells ot this and siniilu design 
aie used commeicially m the piodiiction of 
chlorine and sodium liydi oxide 
The Nelson cell consists of mnei and outei 
compaitments (Figme l(i7) The anode is made 
of giaplute and is susiiended fiom its suppmt m 
the loof nf the slate box m the iimei compai t- 
nieiit The U-shaped steel plate whuh tonus 
the walls of the innei com)iaitiiipnt acts a,-, the 
cathode This is poi [’mated and is eoxeied on 
the luude with an asbestos diaphiagm A solu- 
tion of sodium ehloiide (hi me) is fed into the 
space inside the cathode shell Duiing cleetioly- 
sls, chloimo is hlieiated at the anode and escapes 
tluough the outlet tulic in the slate box (The 



Figure 167 Diagram Showing the Cross-Seelion 
of the Nelson Electrolytic Cell 


anode is made ol giajihite, and the box nf slate, 
because cbloi me does not attack these niatoiials ) 
The sodium chloiide solution seeps tluough the 
asbestos lining ol the catliocle and comes into 
contact with the fieilorated steel jilale Hcie, 
hydtogeii is discharged and escapes liom tlie 
outei compai tment thiongh an outlet tube in 
the top ot the tank Some sodium hydioxide is 
also inoduced m the solution which has pa.s,sed 
through the diajihi agm This ]ia&ses tin nugh the 
peitoiatioiis in the cathode and flows down the 
walls of the miioi compai tment The solution, 
wdiich contains both soilmiii hydioxide and 
sodium cbloiide, collects in the lecenei Tins 
solution coiitams fiorn 10 to 12 pei cent of sodium 
hydioxide, which is sepaiatcd fiom the salt by 
ex'apoiatioii T he latter is less soluble than the 
foimei, and conseiiuently is lemoxed to a gieatei 
extent as ciyslals when the solution is paitiallj 
ex'aiiniated 

A laige cell ot the type desciibcd aboxc may 
coiiMst ot a long cathode \ essel m which 10 to 14 
giapliitc anodes air plated, with an asbe.stos lin- 
ing between the anodes and the wall ot the vessel 
In some cells the anodes aie anaiiged in a circle 
around the wall of a cylindiical i essel Seveial 
such cells aic aiiangcd in lows ni liatteiios 
(I'lgiire 1G8) Each cell of the hntlciy feeds 
hydiogeu and chloimo into a mam pipe hue 
tluough winch they aie led to oonipiessois wheie 
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Figure 168 Battonos of Cells Used to Produce Sodium Hydroxide, Chlorine, ond Hydrogen by the 
Electrolysis of an Aqueous Solution of Sodium Chloride 


they aie htoied undei veiy Ini’ll inchhuie iii hteel 
ByhiicloLs Chloiino may tic comjn'csbcd and 
shipped in steel tank cais 
Cliloiine IS also piodiiced by the electiolysis 
oi fused sodium cliluiide, a inocess piiinaiily 
used to pioduee iiietalhe sodium 

PROPERTIES AND USES OF CHLORINE 

1 1. Physical Properties of Chlorine 
(liloune IS a gas under all ouhnaiy condi- 
tions of tempeidtuie and piossure It has a 
slightly giccnish-yollow eoloi, and a sharp, 
disagicealile, and nutating odoi C’hloime 
is only slightly soluble in watei, iindei a 
pressuio of onti aimos[)hei{' and at a temiiiua- 
tuie ()1 0°, it dissolves to the exti'iit ol 1 Ki g 
of clilormc in 100 g of water The solution 
IS ottcu called “cliloi me watci ” and possesses 
the color and odor ol the gaseous stale of the 
element Chlorine guidnally disappoais 
from the solution because it eseapes into the 
ail and because it leacts with watei (page 
334) 

Fiom its solution, chloiine may be obtained at 
a temperatuie neai 0°, as the lij'^diate, Cb 8 H 2 O. 


As this hydiale has a \eiy high vapoi piessuio, 
it decomposes veiy leadily In 1823, Faiiiday 
iKiuehcd chloimo ioi the hist time by making 
use of this jiiopcity of the hydiate Some of 
the ciystals of the hydiate weio placed m one 
end of a sealed Y tube (Tigiiio lOh), and the 
tube was cooled m a salt and ice bath The 
outside aim of the tube coiitamiug the hydiate 
was wanned slightly, and the chloime that was 
libeiatcd pioduced sufficient pi essuie to liqueiy 
itself 111 the cold end ol the tube 

When cooled to a tcmpciature of —34 6° 
C , at one atmospheic of pressuic, the gas 
changes to a greenish-yellow licpud, which 
fi cozes at — 1 0 1 ( 1 ° The cniieal tempci atui e 



Figure 169 The Mefhod by Which 
Faraday Liquefied Chlorine 
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of chloime is 141° and the critical piessiire is 
76 1 atmoapliGies Since the weight of 22 4 
standaid liters of chloime is 70 92 g , the 
molecular foimula is Ch Its density is 
almost two and one-half times (exactly 2 49) 
that of air The structure of an atom of 
chlorine is shown on page 51 The molecule 
consists of two atoms which share a pair of 
electrons 


n . Cl . 


Small Goncentiations of chlorine in inhaled 
air are thought to have some value in the 
treatment and pievention of colds, influenza, 
and like disordeis In concentiations of 
about 0 00002 g pei litei, or greatei, it pro- 
duces inflammation and congestion of the 
lungs and othei parts of the lespuatory svs- 
tem These are the same conditions with 
which we aic familial in cases of veiy sevcie 
colds Inhaling chloime in laigc quantities 
IS often fatal Clhloime was used as the fiist 
poisonous gas during Woild War I 

12 General Chemical Properties 
Chlorine is a typical non-metal As such 
it lesemblcs oxygen in some lespects, but 
difieis in showing moie pronounced activity 
111 its icactions with the metallic elements 
Oxygen, on the other hand, displaj s a some- 
what greatei tendency to leact with the 
non-metals Tlie most chaiacteiistic chemi- 
cal activity of clilonne is its tendency to 
acqune a single election pei atom, thus 
foiming the chloiide ion, Cl~ As this ion, 
chloime is found in all the chloiides of the 
metals It also foims covalent linkages with 
seveial kinds of atoms In these compounds 
it shaics one, two, thiee, and foui pans of 
elections Typical covalent compounds 
of chloime are caibon tetiachloride, 

Cl 

Cl c cii 

Cl • ’ 

and the oxygen acids, hypoehlorous, chlo- 
rous, chloiic, and perchloric (page 160); 


.Cl 0 H 

(hypochloious aoid) 


H 0 
;C1.0. 
:6 

(ohioiic aojd) 


Cl 0 0 

HO. II 0 Cl d 

(chlorous acid) Q 


(perolilorio acid) 

Chloime combines directly, and often 
vciy vigorously, with most of the elements 
It forms no compounds with fluorine, and 
although it does not combine diiectly with 
oxygen and nitrogen, very unstable com- 
pounds with these elements can be piepaied 
by mdiiect methods Three oxides ot 
chloime are known the monoxide, CbO, 
the dioxide, CIO 2 , and the hcptoxide, CI 2 O 7 


13. Reactions of Chlorine with Metals 
Chlorine oxidizes all metals, and the re- 
actions are more vigoious than with oxygen 
The reaction of chlorine with gold and plati- 
num is slow, but a thin foil of coppei (if 
waim), 01 finely divided antimony (even 
when cold), oxidizes so rapidly that com- 
bustion lesults The moie active metals 
react very vigoionsly in an atmosphere ol 
chloime In all these leactions, chloiides ot 
the metals aie formed 

2 All + 3 CI 2 — > 2 AuCla 
Cu -k CI 2 — ^ CuCls 
2 Sb -b 3 Cb — > 2 SbCla 
2 Na -t- CI 3 — 2 NaCl 

Absolutely diy chloime does not seem to 
attack metals, at least, the reaction is ex- 
tiemely slow Diy liquid chlorine is now 
shipped m tank cais in laige lots or in steel 
cybndeis 111 smallei quantities The dry 
liquid does not coirode iron, but if moisture 
IS present, oxidation proceeds rapidly and 
conveits the iron into ferric chloiide The 
effect of moistuie can be shown readily by 
placing a thin foil of aluminum in very 
carefully dried chlorine, noting the absence 
of a reaction, and then adding one drop of 
water 
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14 Reaction of Chlorine with Non-Metallic 
Elements 

Chloiine reacts wit.h almijsf, all of the non- 
metals Caibon, nitrogen, owgen, and 
fluoiine are exceptions, although chloiides 
of the first three of these aie known and 
can be piepaicd by methods otlu'r than di- 
rect combination PhosphoiuH burns in an 
atmosphere of cliloiine, forming phosphorus 
tiichloiidc (PCh) 01, in an excess of chlonne, 
phosphouiH peiitaehloiidc (PC’ds) Chlorine 
leacts directly with fused sulfur to form 
sulfui monochloiide (S 2 CI 2 ) 

15. Reaction of Chlorine and Hydrogen 

The reaction between hydiogon and 
chlorine is exotheimic 

Ha -h C\ — 2 HCl -h 44,000 calouos 

We should theiefoie expect those two ele- 
ments to comliino very readily and tiro 
pioduct to be vciy stable In the dark, 
however, the speed of the loaction is scaicdy 
detectable In oidmaiv light, the leaction 
takes place slowly But li the mixUue is 
exposed to diK'c-t sunlight, to ultiaviolet 
light, or to the light pt educed by butaing 
magnesium, the leiiction occurs explosively 
The violence of the reaction can be demon- 
strated by placing a flask eontuiniiig a mix- 
ture of the two gases in a box made ol fine 
wire scieen and bunging a piece ol liuining 
magnesium riVibon ncai the contaiiiei A 
jet of hydiogcn which is buinmg m the air 
continues to bum when intioduccd into an 
atmosphere of chlonne Light and heat aic 
evolved, and the reaction rosemhles, mcveiv 
way, theicaoLion that occuis when hydiogen 
Inuns in oxygen, except that liydiogen ehlo- 
udo instead ol water is inuduced 

1 6 Reaction of Chlorine with Compounds Con- 
taining Hydrogen 

Since chlonne combines vciy icadily with 
free hydiogen, we should expect it also lo 
leact with compounds contammg hydiogen 
Natural gas, which is composed largely of 
methane (CH4), continues to burn when a 
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lighted jet of the gas is mtioduced into a 
cyhndei filled with chlorine Hydiogen 
chloride and fiee carbon are piodiiced 

CT-L + 2 ( 'b — C 4- 4 HCl 

A stnp of filtci papei which has been wet 
with turpentine ignites spontaneously when 
lowered into a cyhndei filled with chlonne 
The leaction is similai to the reaction be- 
tween methane and ehloiino, 

CioHu. + 8 C'L — >■ lb HCll -1- 10 C 

The black smoke produced m this reaction 
consists of particles of caibon (soot) Be- 
cause ol similai icadions, a hghied candle 
l(nv,‘ied into a vessel filled with chlonne 
eontiiuies to bum, producing a very smoky 
flami' and a cloud ot soot 

In blight sunlight a mixkuc of methane 
and chlonne leacts moie slowly, and the 
leaeLion occuis m steps m which chlonne 
both combmoh with and leplaces hydiogen 

(II-L -l-ria— +HC1 

(incthjl chlonclc) 

( ’fL( '1 + f 'b — s- ( T-LC 'b 4- HCl 

UnetlislLiic chltjudc) 

CIi.('b4-('b — ^^('HC’b 4- HCl 

robloi oforjn) 

CIICb4-Cb — ^^C('U 4-IICl 

(cuiIb)U tctittchloiide) 

17 Reactions of Chlorine with Other Com- 
pounds 

Chlonne displaces some of the non-metals 
liom their compounds, and in doing so shows 
itscU to bo a moie active non-mctallic ele- 
ment than those which it displaces. The 
moie eominou non-metals displaced by chlo- 
I'liie aie liiomine, iodine, and sullui 4’ypi- 
(!cil leaotious ol this kind arc illustiatod by 
ttu' lollowmg reactions 

2 (Na+ 4' Bi-) 4- Cb ■ — 

2 (Na+ 4- Cr) 4- Bn 
2(Na+-t-r) 4-Cb~v 

2 (Na+ + C1-) + I 2 

HaS 4- Cb — 

2 (H+ 4- Cl-) + S 
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These reactions involve the oxidation of the 
bromide, iodide, and sulfide by chlorine, 
the change involves only the tiansfer of elec- 
trons from the atom (or ions) of biomine, 
iodine, and sulfui to chlorine 

With certain compounds, chloiine com- 
bines directly to form what aie sometimes 
called addition compounds With carbon 
monoxide it forms phosgene, GOGI2, one of 
the widely used poisonous gases of Woild 
War I The reaction by which phosgene is 
produced takes place when a mixtme of 
chlorine and carbon monoxide is passed over 
charcoal at 100 ° When ice-cold watei is 
saturated with chlorine, yellowish-gioen 
crystals of the hydiate, CU 8 H2O, arc foimed 
(page 331 ) Chloime also reacts with com- 
pounds containing chloune m much tlie 
same manner that oxygen reacts with coitam 
oxides Thus, cupious oxide, CiuO, is 
oxidized by oxygen to cupiic oxide, CuO 
Similarly, cupious chloiide, CuCl, is oxidized 
by chlorine to cupiic chloiide, Chit'b 

2 C'uCd 4 " GI2 — ^ 2 ( 'uC'h 

By similar reactions stannous chloride h 
converted to stannic chloiido, SnCli, mei- 
cuious chloride, HgGl, to meicuiic chloiido, 
HgClu, ferrous chloride, FeCb, to feme 
chloride, FeCh, and so on In these reac- 
tions, chlorine plays its most chaiacteiistic 
role, that of a vigorous oxidizing agent 

18 Action of Chlorine upon Water and Bases 

Ghloime which is dissolved in water 
slowly reacts with its solvent 

CI2 + H2O (H+ Hr G 1 -) -b HCIO 

This equation may be written, also, m a 
manner which shows the changes m the 
valence electrons ol the dilleient atoms 

('1 Cl -bH 0 11 ::^ 

H Cl + t'l 0 H 

In solution, of couiso, the hydiocliloiic .leid, 
and also the hypochloious acid to a smaller 
extent, exist as ions 


H'^:Cl:"andH‘^[;Gl 6.] 

The hydrogen ion produced by these acids m 
the pieseiice of water is actually the hydrated 
hydiogen ion, 01 hydioiuiim ion, II3O+ For con- 
venience, we shall think of it here and in the dis- 
cussions that follow as the simple ion, The 
acids produce 10ns when they react with water 
(page 155 ) . 

HCl -b HOH — H1O+ + Cl- 
HCIO + HOH — >- H3O+ + CTO- 

Hypochloious acid does not react to the same 
extent as hydiocliloiic acid and does not, theie- 
loie, pioduoe as many 10ns 

It freshly prepaied “chloiine water” is 
Hied m a reaction m which chlorine itself 
u consumed, the reaction, which is leveisible, 

1 Lins almost completely to an end towai d tho 
left But the hypochlorous acid (FKUO), 
produced by the leaction towai d the light, 
IS unstable, especially m the light 

2 HCIO — 2 (FI+ -b G 1 -) + O2 

As this acid decomposes, the 1 ('action toward 
the light IS completed and the chlorine dis- 
appears, hence, a solution which has stood 
foi some time, especially if it has been ex- 
posed to the light, contains nothing but 
hydiochloiic acid and perhaps some dis 
solved oxj'-gen The reaction may also occur 
towai d the light 111 a lieshly piepaied solu- 
tion of chloune m watci, it a substance 
leadily oxidized by oxygon is piesi'nt, the 
hypochloious acid acts diicctly as the 
oxidizing agt'nt, and chloimo acts only in- 
diicctly This reaction is of importance m 
the use of chlorine for bleaching purposes, 
the diipct bleaching agent is the oxygen 
which IS hbeiated m the atomic foim by 
hypochloious acid It is evident that chlo- 
rine itscll does not iileacli smcc watei is 
necessary for the desuod elfects 

It a base is added, the reaction also goes 
to an end towai d the light, since the two 
acids aic neutialized Thus, sodium hy- 
droxide, when added to a solution of chlo- 
iine, foims sodium chloride and sodium 
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hypochlorite (NaClO) The complete equa- 
tion lor the lencfTon m the picsence of 
sodium Iiydi oxide is 

Ch + H 2 O (IT- -h C’l-) -h HC'IO 
(IT + C1-) -1- HC'IO + 2 (Na^ + OIT) — 
(Na+ + or) + (Na+ + CIQ-) -I 2 IHO 

If the solution is heated, sodium chloiate 
(NaCIlOj) is obtained instead oi the hypo- 
chlorite. 

19. Tests for Chlorine 

Free oliloime can be detected by employing the 
leaction m which it displaces iodine fioin an 
iodide A stup of Iiltoi papei is moistened with 
a solution of aodium or i)ota‘'SUim iodide \ducli 
contains a Mispension of stiucli (lodostaich 
paper) When tlub papci is hi ought into contact 
with fiee chlorine, iodine is hboiatcd and piodiitcs 
a dark blue colonitiou of the stmeb hmee iodine 
IS also liheudcd bv othen subsUinces, lucluclmg 
bromine and o/.one, this is not a speohe test loi 
oliloiiiK’ Other substance's winch produce the 
sumo ellcct must lie ('liinmated, 01 shown to be 
alisoiit, befoie this leactum is used to detect 
chloime 

Combined cldoiinc, if it is piesent 111 solution 
as a cliloude ol a metal or as liydiocliloiic aticl, 
is detected by adding a solution ol silvoi niliate 
The cliloude ion is pieeipitated as sihci cliloude, 
AgOl, wliith loittis a uliile, cuid-hke pteequlate 
This .substance dm kens iiiioii e\po.suic to the 
light duo to deconiiiositioii, winch lilieiatas fiec 
silvci ('oiiceiiti atod mti ic acid is ailded in mak- 
ing this to.st to dissolve otliei sails of .silvei 
Heie again, bower ei, ceitam other ions wliidi 
foim .silvei salts that aie not soluble m nitiic 
acid must lie absent, 01 if jiiesent must be le- 
inoved, beloic this test can be lehed upon The 
tost may lie eonliimed liy adding ammonium 
liydioxido to tlie iiniequtatc Silver eliloiidc dis- 
, solves II the mixtuHi is tlieii hltcicd, the addi- 
tion of nitiic acid I.0 the falLiate causes silvei 
cliloude to loL'in once moie 

20 Uses of Chlorine 

(a) The use of chloimo which consumes 
the laigest quantities ol the element is 


bleaching It is used as a bleaching agent m 
the textile industiy and in the piepaiation 
of matcuals, such as wood pulp, from which 
paper is made Certain textiles, such as 
wool and silk, which are made from animal 
fibers, cannot be bleached by chlorine be- 
cause they are attacked too easily and are 
seuously damaged Cotton cloth is not at- 
tacked so readily, but even this variety of 
fall! 1C must be washed thoioughly to lemove 
the excess of chlorine and hypochloious acid 
As a washing fluid, a solution of sodium thio- 
sullatc, which con veils the chloime and hy- 
pochlorite into sodium chloiide, is used in- 
stead of puie 'Water. As already explained 
(page 334), the bleaching action of chlorine 
IS due directly to oxidation by hypochlorous 
acid Watei is theiefoie neccs.saiy in the 
piocess Bleaching m a piocess in which the 
coloied compounds found in natuuil fibeis, 
as well as most synthetic coloung sub- 
stances (dyes), are convex ted by the oxygen 
which hypochloious acid libeiates into coloi- 
Icss compounds Instead of fiee chloime, 
bleaching powder, CaOCU, and substances 
containing the hypochloiite ion, C10~, e g , 
sodium hypochlorite, Nat '10, aie generally 
used as bleaching agents 

(b) Chloime is used to puiify water foi 
diinkmg puiposes and foi use in swimming 
pools Liquid chloime in steel cylmdeis is 
siqiphcd toi this pin pose All dangeious 
microoiganisms can be destioyed by as little 
as 0 3 to 1 5 parts ol chloime in 1,000,000 
parts of watei, although an excess, which 
may bo lemoved later, is sometimes added 
(page 334) The part that has been played 
by ('Idol me in ovei coming epidemics of 
diseases, such as typhoid and dysentery, i,s 
one ol the most notewoithy contnbutions of 
modem sanilatiou to man’s well-being 
(e) Chlounc is used m the piepaiation of 
geimicidal boluLion,s which contain, usually, 
sodium hypochloiite One ol the best known 
of these — Dakin’s solution — is made by 
treating a solution of sodium caibonate 
(Na 2 C 03 ) with chloime The product is a 
solution containing sodium hypochlorite 
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Figure 170. Bleaching Room 

Showing the large kiers or vats m which materials are bleached 


and sodium chloride This antiseptic was 
used extensively duiing Woild Wai I in the 
treatment of wounds By preventing intec- 
tion, it undoubtedly saved many lives A 
solution containing the same substances is 
sold as a household antiseptic under different 
tiade names It is one of the moie effective 
antiseptics 

(d) Ohloiine is used in the manufactuie of 
many dyes, diugs, explosives, disinfectants, 
and the chlorides of sulfur, arsenic, alumi- 
num, tin, antimony, caibon, silicon, and 
phosphoius 

(e) Gold may be exti acted from its oies by 
causing chloiine to react with the metal to 
foim am 1C chloride, AuCl-i Tin may be 
recovered tiom “tin” cans by treating them 
with chloiine, which converts the coating of 
tin on the suiface ot the iron sheet into 
stannic chloiide, SnCh 

(/) Chlorine is used in the manufactuie of 
bleaching powdei, CaOCla This product 
formerly had wide usage m the purification 


of water, a use for which liquid chlorine is 
employed today 

(<7) Chlorine was used as the first poisonous 
gas during World War I It was distiibuted 
m tanks along the front line trenches, and 
was released when the direction in which the 
wind was blowing was favoiablc for cairying 
the dense clouds of the gas in the enemy’s 
direction It was later placed in shells by 
means of which the gas was scattered within 
enemy territory Before the end of the war, 
gases which weie moie poisonous largely re- 
placed chlorine For the most part these 
were liquid chlorine compounds, which 
volatilized readily when shells containing 
them burst Two of the most extensively 
used poisonous substances were phosgene, 
COCh, and mustard gas, (C2H4)2Cl2S, which 
IS called in chemistry dichlorodiethyl sulfide 
“Tear” and “sneeze” gases also often con- 
tain chlorine Chloropicrm, CCI3NO2, is 
a “tear gas,” and diphenylchloroarsme, 
(C6H6)2AsC1, is a “sneeze gas ” 
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BROMINE 

21 History 

The credit for the discoveiy of bromine is 
usually given to Balaid, who first recognized 
the substance as an element m 1826, although 
Liebig IS said to have first produced the free 
element sometime prior to that date Liebig 
believed, however, that the substance he 
produced was a compound of chlorine and 
iodine The liquid lemaining when salt is 
recoveied by crystallization fiomsea watei, 
or from salt brines, contains bromide, iodide, 
and several metallic ions Balard and 
Liebig produced bromine by treating this 
“mother liquor” with chlorine and also by 
treating the lesidue irom the evaporation 
of this liquor with manganese dioxide and 
concentrated sulfuric acid. Iodine was also 
liberated in both of these processes Balard 
observed that two dilfcicnt substances were 
produced and success! ully separated them 
by distilling tho biominc fioin the mixtuie 
He showed that the product was a new ele- 
ment foi which the name biomine, meaning 
stench, was suggested The element was 
prepared by othois, but they, like Liebig, 
mistakenly called it a chloiido of iodine 

22. Occurrence 

Bromine is not found natiiially in the liee 
state It occuis usually as sodium, potas- 
sium, or magnesium bromide, along with 
sodium chloride in salt deposits, such as the 
famous Stassfiiit beds, in sea water, in the 
bimes from salt wells, and m the waters of 
the Dead Sea and the Gieat Salt Lake 
When sea water, oi a more concentrated 
solution ol sodium eliloiide horn salt wells, 
IS evapoiat.i'd, the ehlorules a,i(' less soluble 
and iiie tlieieforr* depositi'd Inst The 
hiomuh's tend to eolk'ct :ii the “mother 
liquor,” irom which liioimiie is removed by 
methods similar to those used by Balard in 
discovering the element 

23 Laboratory Production 

The methods used to produce chloime by 


the oxidation of its compounds can also be 
used to produce bromine For example, 
bromine is libeiated by the action of man- 
ganese dioxide and sultuiic acid upon solid 
sodium bromide 

2 NaBi -f- H 2 SO 4 ^ Na 2 S 04 -h 2 HBr 
4 HBr -f Mn 02 — >■ 

MnBi2 + Br2 -b 2 H 2 O 

Even concentrated sulfuric acid, itself, 
oxidizes the bromine m hydrogen biomide 

H 2 SO 4 + 2 HBr ^ B 12 -f H 2 O + H 2 SO 3 

The sulfuious acid is unstable and decom- 
poses in a manner similar to carbonic acid 
(page 301) 

H 2 SO 3 — ^HaO-hSO^ 

Bromine is also liberated from bromides 
by the action of chlorine as an oxidizing 
agent 

2(Na+ + Bi-)-ba2— t- 

2 (Na+ -b G1-) -b Bra 

The bromine produced by any of these 
reactions is purified by distillation Since 
it IS licjuid under 01 dinar y condition.s, bro- 
mine can be collected in a receiver that is 
cooled by immersion in cold water 

24 The Production of Bromine for Commercial 
Uses 

Until about 1934, most of the bromine 
pioduced in this country was recovered from 
biines pumped from salt wells in Michigan 
and a lew places in the Ohio Valley In 
recent yeais, sea water has become an im- 
portant souice oi supply The concentra- 
tion of bromide ion in the watei ol the occ'ans 
IS veiy small — about 67 pai ts per million - 
but the total quantity m the watiu oi all 
the oceans can be measured in billions oi 
tons 

The l(i<‘ation ol a plant for the cxtiaction ol 
biomiue born sea wiitei is veiy inipoitant 
Piefeiably, it sliuuld be located on an aim of land 
that extends for some distance into the ocean. 
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Figure 171 Bromine Extraction Plant 

This plant is located near Wilmington, North Carolina Bromine is extracted from sea water The flume through which 
sea water passes into the plant is shown in the foreground 


ho that ocean water can be withdiawn foi n^ie 
on one &ide and the watei, aftei use, can be dis- 
chaified on the otliei In tliih inannei, the watci 
to be used ib not allowed to mix with watei iiom 
w Inch the In amine has been i emoved The plant 
should not be located neai the mouth of a nvei, 
the watei iiom which dilutes the watei of tlie 
ocean Tianspoitation facilities and the ma- 
teiials neco&saiy toi the opeiation of the ])lant — 
salt fiom winch to make chloiine, foi examjilo — 
should be leadily aiailahle Tlie climate should 
be warm duuiig most of the j’eai, because the 
wsatei must be wanuei than it is as it comes fiom 
the ocean foi the maximum efliciency of the 
piocess, the sun’s heat iiiovides an inexpensive 
method of raising the tcmpeiatiiic of the witei 
aftei it has been pumped Iiom the sea mto shallow 
1 lasms 

A desuahle location was found at Wilmington, 
Noith Cninlma, and theie, m 1934, the fust 
plant fnt the extiaction ol Inomnie fiom the sea 
was built Whitei is pumped lioiii the ocean on 
the iioitli side of a pemnsula, and altei the 


biommc has been exti acted, the waste watei is 
discharged mto a iivei that oaiues it to the sea 
at a point fai i emoved fi om th e plant The watei 
is fiist pumiied mto ponds, wheie it is heated by 
the sun until its tempeiatuie has iisen bc^clal 
dogi ees 

Wlieii leady to be tieated Ini the extiaction of 
biomme, the watei is acidified slightly wntli sul- 
fuiic acid, the binmme is tlien libciated m a 
towel mto wdiicli the watei is .spiayed and tliiougli 
wduch chloiiiie is passed The liuinnnc is le- 
moved fiom the wxatci that collects at the base 
ol the towel by an into which the Inomme i apoi- 
izes (page 205) The an with its load of bi omme 
vapor is then passed mto a second towei, wheie it 
comes mto contact with a solution of sodium cai- 
houate lliat flows fiom the top of the tuwei ovei 
tile or stone Heie the biomine leacts to form 
bi omide and bi ornate ions 
3 Bi , + 3 (2 Na-H + COr) — 

5 (Na-* + Bi ) + (Na' + BiOr) H- 3 CO, 
The mixtuie of sodium bromide and sodium 
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bromate i.s then treated with sulfmic acid, and 
biominc is liberated 

5 (Na'*' + Bi 1 + I Nil' 1" HiO, I I- .! (ill' +SOr) >- 

.i ( i N id + SO 1 ) (- 3 111 J + ,i H -0 

This leaction niaj also bo vviitteii in the follow- 
ing form, which shows only tlu' ions actnall-v 
involved 

5 Bi- + ihOr + (1 If- — ;i Ih , -b 3 TI,() 

The plant at Wilnunj>ton 1ms a (aiiacity pio- 
cluction ol about 2!) tons of luoniiiie poi day 
The extinction fioin iMichiiian biines is based 
upon the same leaetions 

25. Physical Properties 

Undei oidiiuuy conditions biommc is a 
(iark icddibh-biowii litiuid, which evolves a 
dense brown i upoi Its boding point is 
69° C , as comiiau'd with —3-1 5° foi cldouno 
Its ficpznig point is —7 3° as compaiod with 
-102° Im (liloiiiie Its density at 0° 
(weight ol 1 ml ) is about 3 12 Its solubility 
m watei at 0° and TOO min is about -1 22 g. 
per 100 g ol watei It is tlieicloie consid- 
erably moie soluble than chloiiiu' under the 
same conditions The lupu'ous solution is 
called “biommc watei ” Biommc dissolves 
much more leadily m certain organic Iniuids 
than it does in water Carbon disullidc, 
caibon tetrachloiide, etliei, and chloroform 
dissolve it readily, foiming solutions which 
vary in color h'om stiaw to daik icddish- 
biown, depending upon the concenti atioii of 
the bromine 

Bromine has a veiy disagiceablc odoi It 
nutates the eyes and, when bieathed, pio- 
duces sciious mllaminatrioii of the respiratory 
tiact When the lupiid is spilled on the flesh 
it pioduces seiious limns, whicli aie c\- 
tiomoly slow m liealmg Bionime is one of 
the elemc'iits that must, be handled at all 
times with c.\ticm<' caution It is moic 
dangeious than iodine because it is a Volatile 
liquid, and more dangeious than chloimc 
because the lattoi is seldom used in the con- 
oentiated liriuid foim 

26 Chemical Properties 

In its chemical behavioi bromine re- 


sembles chlorine very closely The differ- 
ence lies only m the greater activity of chlo- 
iine Bi'omme docs not combine with the 
least active metals, such as platinum and 
gold, but it does foim meicuiic bromide 
(HgBiz) with mercui'v The moie active 
metals aic attacked loadily Biommc also 
loacts with fewci non-metals than chlorine, 
and its loactions aie loss vigoious It does 
not comlimo dnectlv with ovvgen, caihon, 
chloimc, or nitrogen It comtnncs with 
phosphorus to form the tiibionude and the 
jientabiomidc, and with sulfui lo foim the 
monohiomide, S 2 B 12 Biomine combines 
with iodine to foim the biomide, IBi, and 
with fluorine, the fluoiide. Bib’s In the 
foimei, iodine acts as a more positive ele- 
ment. than biommc, and in the lattei, bio- 
mme is more posil.ive m chaiactei than 
Hum mo With hydiogon, Inomine reacts 
very slowly at low tempoiatuios but more 
laiiidly at high tomperatuies, paiticulaily 
ni blight light Ol m the piosence of plat.inum, 
which acts as a catalyst of the leaction 
Biommc reacts with compounds containing 
hydrogen, such as the hvdiocaibons, less 
vigouiusly than chloiine but in a similai 
mannei Its leaetion with watei also cor- 
icsponds to the reaction of ehlormc, but 
o'Cygen is libeinted only veiy slowly fiom 
watei by biomine Hypobiomous acid, 
HBrO, is fust foimed Biomine is displaced 
fiom biomides by fluoiinc and chloiiiie, and, 
in tuin, displaces iodine from iodides 

27 Uses of Bromine 

The demand foi biommc me leased many 
lokl about 1930 Puoi to that time, tho 
pioduetion m the United States was aliout 
1000 tons amiuallv It lapidlv iiici eased to 
foul Ol five times this amount m 1931-32 and 
IS now normally about 45,000 tons This 
increase was caused by the use of biomine 
in the pioduetion of ethylene dibiomide, 
C 2 H 4 Br 2 , which must be mixed with tetra- 
ethyl lead m pioducmg anti-knock gasoline 
foi motoi fuel It is also used to produce 
silver bromide, which is the hght-sensitive 
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substance that is suspended m the gelatine 
coating of photographic films and plates 
Potassium and sodium bromides aic used 
m medicine as sedatives for the nerves and 
m the treatment of epilepsy and “lockjaw ” 
Bromine itself is used to a very bmited extent 
as a disinfectant and to a much greater ex- 
tent in the manufacture of several oiganic 
compounds, among which aie certain im- 
portant dyes It IS also used to manufactuie 
“tear” gases, of which bromo-acetone is an 
example 

IODINE 

28 History 

Because of oui accjuaintance with “tinc- 
ture” of iodine as a household antiseptic, 
most of us aie more familiar with lodme 
than with the rest of the halogens This 
“tincture” is an alcoholic solution of iodine 
The element, itself, is a black-purple solid 

Iodine was first prepared shortly aftei 
Davy had demonstrated that chlorine, or 
“maiine acid oxide,” as that substance was 
first called, is an clement By heating the 
ash of certain sea weeds with concentrated 
siilliinc acid. Coin tors prepared a substance 
which evolved violet vapor, but he did not 
recognize the substance producing these 
vapors as an element We now know that 
the ash he used contained iodides, as well as 
chlorides and bromides The iodides reacted 
with siilfuiic acid to give hydiiodic acid, HI, 
which, in turn, was oxidized to free iodine 
The discoveiy that the substance prepared 
by Couitois IS an element was made by 
Gay-Lussac in 1814 He named it iodine 
from the Greek word meaning violet 

29 Iodine in Our Bodies 

Iodine is essential to our physical well- 
being, although each of our bodies contains, 
on the average, only about 50 mg of the 
element in the foim of its compounds A 
compound of iodine, called lodothynn, is 
found in the thyioid gland of the neck 
When iodine is not provided, the gland does 


not function properly, and one form of 
goiter or, sometimes, cretinism develops 
Normally, sufficient iodine is supplied as 
iodides in water or as iodine compounds in 
certain kinds of foods, such as green beans, 
spinach, milk, and butter Sometimes, how- 
ever, the soil contains little or no iodine m 
the combined state, and since this is the in- 
direct source of the supply, whatever the 
direct souice may be, the food we eat and 
the water we dunk do not supply the iodine 
that IS required by the thyioid gland Salt, 
used in seasoning food, sometimes has a little 
sodium iodide added to it and is called 
“iodized” salt Goiter is most common 
among the inhabitants of inland legions 
Near the oceans, waters liom the earth 
contain more chloiidc and also more iodide, 
and the average diet usually contains more 
sea foods, which contain iodine Among 
persons whose diet contains large amounts of 
sea foods, goitei is almost an unlaiown 
disease 

30 Occurrence 

Iodides occur with bromides in the solu- 
tion remammg after sodium chloiide is 
ciystallized from sea water and from the 
bimes of salt wells and salt lakes Most 
of the iodine produced in this countiy is 
recovered from brines obtained f i om wells in 
California Iodine also occurs in sea weeds, 
and some has been extracted on a commercial 
scale from the giant kelp that grows along 
the Pacific coast of the United States 

Until lecently, most of the world’s supply 
of iodine came from the sodium nitrate beds 
of Chile, where it occuis as sodium lodate, 
NalO, 

31 Preparation 

The methods of producing iodine in the 
laboiatoiy are similar to those used in pro- 
duemg bromine In general, the iodide ion 
IS oxidized to the free element more easily 
than any of the other halide ions Thus, 
iodine is readily liberated from an iodide 
by the action of concentrated sulfuric acid. 
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which has no oxidizing effect upon a chloride 
The ashes ol kelp may be treated with 
maiiganose dioxide and sulluiie acid oi sus- 
pended in watei and iieati'd witli eliluime 
By the lattin' mi'Uiod, iodine may he lib- 
euited also from In iiu's 

2 (Na'*" -|- l~) + f 'b — y 2 (Na'” -T ('1"“) -b Ij 

Iodine is leeoveied li om the sodium lodate 
that IS piescnt m ('liile saltpetci by means 
of sodium bihuKito, which acts as a reducing 
agent 

2(Na'+KT )+5(Na' +llS()ri — >- 

2(2N!i-' -|-S(),= lh 3(Nib TllSOy ) I ll.Oyl, 

Iodine may be sepal ated fiom otliei sub- 
stances produced at the same tune oi added 
duiing its lecoveiy by evapoiating to diy- 
ness the solutions in which it is libeiated 
and heating the lesiduo, iodine sublimes 
(page 15) In the lecoveiy of lodme horn 
the biines ot oil wells, a solution oi sodium 
nitrite, NaNOa, containing sulCuiic acid is 
added to liberate the iodine 

2(Nai-t-l-J-|-2(Na'+N(), j -|-2(211 ' +S()r) h 

2(2 Na' +H()r)-|-2 NO-t-2 IljO + I. 

Iodine IS recovered horn the dilute solution 
that results from this leaction by being 
adsoibed on charcoal It is then lemoved 
from the ehaicoal by means of sodium cai- 
boiiate with which it loi'ins sodium iodal,e 
and sodium iodide Sulturic acid is then 
added to pioduee fiee iodine Those leac- 
tions are very similar to those used in the 
recovery of biomme (page Til)) 

32 Properties 

At ordinary teinperatui es, iodine lorins 
daik Ol blaekish-pui]ile and slightly lus- 
trous crystalluie plates Its meltmg jioiiit is 
114°, its lioiling point IS 184°, and its density 
IS 4 93 g pci cc When heated liclow the 
boiling point, tlu' solid changes into violet 
vapoi, it can tlieiefoic be sublimed At 
temperatuies slightly above the boiling 
point, the formula ol the vapor appears to 
be I 2 , but at 700° and higher tempeiatures, 
considerable quantities aie dissociated, form- 


ing monatomic molecules, I Molecules of 
iodine m solution also appeal to have the 
foimula I 2 , and this is tine, also, toi the solid 
state as shown by X-iay analysis of lodiiu' 
crystals Iodine dissolves m watci, m ethyl 
alcohol, and in othei solvents ol high dielec- 
tric constant, to foim bi own-colored solu- 
tions The solubility in watei at 25° C is 
about 0 03 g pei liter It dissolves in much 
laigci quantities m 01 game solvents of low 
dielectiie constants, such as cthci, caibon 
tctiachloride, benzene, and cliloiofoim, loim- 
ing violet-coloied solutions 

Chemically, its behavioi is much like that 
ol the othei halogims It is the least active 
meinbei ol the family, leacting less vigoi- 
ously than lluoime, chloimo, 01 biomino 
with hydrogen and with the metals ITie 
oxides l 2 ()i, IjOt), and IjOb may be foimcd in- 
diiectly It forms the fluoiide, IFb, the 
bromide, IBi, and the chloiides, ICl and 
ICI3, m all of which it acts as the more 
positive element Iodine leacts with phos- 
phorus to form the iodides, P 2 I 4 and PT, 
l)ut does not foim the pentaiodide, Pis 
With hydrogen, iodine reacts very slowly and 
incompletely at oidinaiy temperatuies, but 
moie lapidly at higher tempeiatures, in 
blight light, and in the piesencc oi catalysts 
to toim hydrogen iodide, HI It combines 
with all the active and with some ot the in- 
active metals, such as mercury Mercuric 
iodide can be formed by grinding mercury 
and lodmc together in a mortar Iodine 
IS displaced from iodides by all the other 
halogens and can be displaced from its com- 
bination with hvdiogen (HI) by oxygen 
li IS theieloie a less \ igoious oxidizing agent 
titan oxygen or aiiv ol the membeis ol il.s 
own family Iodine oxidizes metallic 11 on to 
Icrious ion only, wheieas bromine and chlo- 
rine each form feme ion Iodine shows much 
less tendency than chloime or even bromine 
to substitute loi hydiogeii 111 liydiocarbons 

Solutions containing the iodide 1011 dissoh 0 
much moie iodine than will di&sohe in tlie puio 
solvent This is duo to the formation of the tri- 
lodide complex ion 
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(K+ + I-) + l 2 ^ (K+ + ID 

OT I~ "F I2 “■ — ^ la” 

The reveisibility of thipi i paction makes possible 
an acpieous solution containing much mme avail- 
able iodine (foi leactioiis with other substances) 
than IS possible when iodine is dissolved alone in 
water The solubilities of chloiine and biomino 
aie also iiici eased by the piesenoe of chlmide and 
bromide ions It appeals likely that a molecule 
of any halogen may act as the iodine molecule 
leacts, as shown in the equation above, and that 
some compounds of the cliaractei of KBiCh may 
be possible 

33 Uses 

Iodine’s best-loiown use is as an antisep- 
tic Foi this pmposc “tincture” of iodine, 
which lb a solution of the element m alcohol, 
IS emphn^ed It is one of the most efficient 
household antiseptics Iodine is also used to 
pioduce lodofoim, a yellow powdei, which is 
likewise used as an antiseptic Silvei iodide 
IS used in photography in the same mannei 
as silvei bromide Iodine is used m the 
synthesis of many 01 game, compounds, of 
which some of the aniline dyes aie piobably 
most impoi tant The use of iodine m the 
picvention and tieatment of goiter has been 
mentioned previously The element is also 
used to pioduce the iodides of the metals, 
which aie used as laboiatoty leagents Of 
those sodium and pota,ssium iodides aic most 
important The so-called “ coloiless iodine,” 
which lb used as an antiseptic, is a coinpoiuid 
of iodine, usually di-iodohydiovylpiopane, 
(('H2IJ2CTIOH A colloidal form of iodine 
is also used as an antiseptic 

34 Test 

The usual method of detecting /irc lodiiie de- 
pends upon the blue cnloi piodiiced when lodme 
comes into contact with staieli The eoloi is not 
oaubod by the formation of n blue compound, 
but IS jnohahlv the lesiilt of the adsoiptioii of 
lodme l)v staich To use this test, iodine if com- 
bined must first be com ei ted into the fiec ele- 
ment by the use of an o\idining agent, if it is 
piesent iii an iodide, and by the use of a 1 educing 
agent, if it IS picseiit in ooinjiouiuls such as 
NalOa 


35 Occurrence 

hluoime is approximately one half as 
abundant in the eaith’s crust as chlonne, 
and about 100 times as plentiful as biominc 
and lodmc Because of its exiiomo activity, 
it IS never found fiec Its most widely dis- 
tiibu ted compound is fluoispar, C’al'a, but it 
occurs also 111 cryolite, NasAlFo, and fluoi- 
apatitc, CaFa Ca3(P04)2 '\ffiry small traces 
arc piesent 111 soa watci It is also pi eseiit in 
the enamel winch covui.s the teeth Fluoispai 
selves a.s the source of piacticallv all fluoiine 
compounds It is a mineral which occiiis 
as cubical cij'-stals of manj" different colois 
The ciystals glow 01 “fluoresce” in a dark 
loom aftci they have boon exposed t,o blight 
sunlight, the name Jluoi cscciua is deuved 
fiom this piopeity of fluoispar 

36 Preparation 

Hydrofluoiic acid and seveial othei com- 
pounds of fluoiine weic known long before 
the element was picpaied in the fteo si, ate, in 
1880 , by Moissan, who piepaied it, by elcc- 
tiolyzing a solution of potassium fluonde in 
puic hydrofluoric acid The difficulty en- 
countered m picpaimg fluoiine is caused bv 
its tendency to leact with almost every sub- 
stance Moissan used an electiol3dic cell 
(Figuie 172 ) made m the .shape of a lettei 





Figure 172 Electrolytic Coll for the Production 
of Fluorine 



RUORINE 


343 


U and consti'UoU’d of an all(jy of platinum 
and iridium Tlic cleotrocU'S wen* made of 
the same material and were' suspended from 
fluoispar stoppers plaeed in thf' opmiings of 
the arms of the tulii's Fluorspar is a inin-- 
eial containing fluorine and is Ihereforo re- 
sistant to the notion of tin* elcinmit Tlio 
cell was cooled to about -23° C., dining 
its opeiation, by a bath eontaining luiuid 
methyl chloride, ('IIiC'l The fluoiitie was 
liberated at the anodi' and was eolleeted in 
platinum tubes, FluoriiK- i.s now produced 
commercially by thi' eleel,rolvsis of a solu- 
tion of potassium fliiondi' in anhydrous 
hydrogen fluoiiih' in a cell siinihu to the one 
used to piocluce ehloi iiu' 'Phe anodes of the 
cell are made of earl ion and the eathodes of 
copper or steel 'Fhese metals are attacked 
by fluorine, but they aie pioleeted from ex- 
tensive action by the foimation of a coating 
of the fluoiido of llii' mt'lal In some cells 
the vessel is made, of inugnesium or Monel 
metal and the eleetiod(‘s of ginpluto Fused 
potassium aeid fluoiido, KfIFa, has also 
been used as the eleetrolyte An tuiueous 
solution cannot be used, bi'cause fluorine, if 
itislibeiated, reacts immediately with watei 

I’luoime cannot he pioiiueeil hy the o\i<Iatinn 
othydiogcn fliionde as eliloiine is pioihicod fiotn 
liydiogeii chloiide .Sncli a leaction is not jios- 
sible 111 the case ol llnonne because the element 
itself w tlie most vigoioiis oxidimiig agent Tlieie 
13 consequently no oxidimiiK agent that will lib- 
erate it fioin a Ihioude When the fluoiine atom 
reacts, it aciiuires one election and becomes a 
fluoiide ion, F“, exceiit in a few eompouiids in 
which it shaio.s elections, a.s it doe.s, for example, 
in boion tiiflnonde, Hh’a No otiiei atom or ion 
has ns mneh attraction lor tins election as the 
fluoiido ion has, hence the flnonde ion ictaiiis the 
election that is ies])onsihle lor its charge, rc- 
gaidlos,s of the siili, stance that may lie biouglit 
into contact with it I'he fluoiido ion is oxidized 
to flee fluoiinc, thorcfoie, not hy the atoms or 
ions of anothei element, but hy electrolysis 

37 Properties 

Fluoiinc is a pale gieenish-yellow gas Its 
molecules have the foimula Fj, and its den- 


sity, therefore, is slightly greater (1 3 times) 
than that of an It has a very irritating 
effect upon the mucous membiane and is 
very poisonous It lias been condensed to 
a liquid at —187°, its boiling point at one 
atmosphere; it solidifies at -223° 

Fluorine does not dissolve in water; in- 
stead, it reacts vigorously with the water, 
forming hydiogen fluoride and oxygen. 

2 H 2 O + 2 Fa — 4 HF -h O 2 

At the same time, a compound of fluorine 
and oxygen, F 2 O, ns also formed Some 
ozone may be pioduced during the leaction, 
although this is open to que,stion 

Fluorine reacts with more elements, and 
reacts more vigorously, than any othei ele- 
ment It combines explosively with hydro- 
gen in the daik and at tempeiatuics as low 
us —253°, although at this temperature flu- 
orine is a solid and hydrogen is a liquid 
Faibon, which does not combine duectly 
with the other halogens, ignites spontane- 
ously in an atmospheie of fluorine Non- 
metals and metals that react with chloiine 
react much more vigorously with fluorine 
Fluoiinc leads with all the elements except 
nitrogen, chlorine, and the inert gases 
With oxygen, however, fluoiinc shows less 
disposition to toim compounds than chlorine, 
two oxygen compounds, F 2 O and 1 *^ 02 , have 
been piepared; those aie to be icgaided, 
probably, as oxygen fluoiides Fluoiinc re- 
places all othei halogens and 111 fact all other 
non-metallic elements fiom then compounds 
with hydrogen and the metals No com- 
pounds of fluorine corresponding to the 
chlorites and chlorates are known, with the 
possible exception of the acid, HFO Glass, 
asbestos, and even water undeigo vigorous 
combustion m pure fluoiine 

38 Uses 

Fluoiine, itself, has few uses because of 
the difficulties involved in pioducing, stoiing 
and transporting it m laige quantities Com- 
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pounds of fluorine have impoitant uses 
Uranium hcxafluoiide has been used in the 
vapoL state (it subhines at slightly above 50 °) 
in the sepal ation of the isotopes of uianium 
(page 283 ) The lightei molecules contain- 
ing atoms of i)2U^'‘“ diffuse thiough a poious 
membiane inoie rapidly than the molecules 
containing !)2U^'*® Certain fluorine deiiva- 
tives of hydiocarbons, e g , difluoiodichloro- 
methanc, CFjCln, in which two chlorme 
and two fluoime atoms replace the four 
atoms of hydiogen m GH4, aic used as the 
fluid in domestic “electiic” refrigeiatois 

The fluoiidc of ealcmin plays an impoitant 
natiiial pait in building up bones and the 
enamel of the teeth Moi e than a mere ti ace 
of Duoiide ion (3 paits per million) m dunk- 
ing watei causes abnoimal giowth of the 
teeth and niottliiig of the enamel Smaller 
amounts aio thought to be beneficial in pie- 
venting dental canes (decay) Fluoiides aie 
also pi eseiit, m veiy small tiacos, in the blood 
and have been suggested as 1 elated m some 
way to the tendency of blood to form clots 
The mineral, fluoispai, is used as a flux, 
which combines with vaiious substances that 
cannot be melted icadily to foim easily 
lused substances Ammonium fluoride is 
used as a disinfectant 111 bieweiy vats 
Sodium fluoiidc is used as an insecticide, as 
a fluv, and to tieat wood so that it will not 
be attacked by fungi Ciyolite, NasAlF^, is 
used m the picpaiation of metallic alumi- 
num 

Hydrofliiouc acid, or a fluoiide mixed with 
sulfuiic acid, is used to etch the giaduations 
on thermometer stems, bmettes, graduated 
cylinders, and othei glassware Hydiofliio- 
11c acid is also used as a laboratoiy reagent 
m ceitain analytical pioeeduies which deal 
with the detection and estimation of the 
quantity of silica oi silicates m rocks and 
othei materials The aeul reacts with silica, 
('itlier flee 01 eomhmed as silicates, to foim 
silicon fluoiide, which is a gas and conse- 
quently escapes The quantity of silicon 01 
silica (the oxide) can be calculated from the 
loss m weight 
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At one time great care was taken to refer 
to pure HF, HCl, HBi, 01 HI as hydrogen 
fluoride, chloride, biomide, or iodide and 
to then aqueous solutions as hydrofluoric, 
hydiochloiic, hydrobromic, and hydriodic 
acids This distinction has disappeared 
almost entirely with the mtioduction of new 
ideas concerning the nature of acids (page 
156 ). 

39. Preparation by Direct Combination 

C-oraponnds of hydrogen and the halogens 
can be prepared by the diicct combination 
of the elements The vigor of the reaction 
vaues, however, from a combination with 
explosive violence in the case of fluorine to 
the reaction of hydiogen and iodine, which 
is very slow and incomplete icgardless ot 
conditions Chlorine and hydiogen combine 
explosively when exposed to a biiglit light, 
and a jet of hydrogen burning in the an 
continues to burn in an atmosphere of chlo- 
rme, foimmg hydiogen chloiide A mixture 
of hydiogen and biomine, when heated, 
foims coloiless hydiogen bromide 

H2 4-Bi.:?x±2HBr 

This icaction is leversible and consequently 
pure hydiobiouuc acid 01 a concentiated 
solution of it IS likely to have a brown 01 
straw coloi because of the presence of free 
bromine This result is especially likely if 
the substance is heated to a moderately high 
temperature If a mixture of iodine vapor 
and hydrogen is heated to a moderately high 
temperature, some hydrogen iodide is i oi mod 
since the leaction is loversiblc, especially at 
high temperatuies, the leaciion is nevei 
complete 

Considerable hydiochloiic acid is now pio- 
dueed bv the direct combination of the ele- 
ments This reaction is earned out at mod- 
el ately low tempeiatuies A catalyst, usu- 
ally charcoal, is used to increase the speed ot 
the reaction 
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Figure 173 Manufacture of Hydrochloric Acid 
Anhydrous hydrogen chloride is synihesaed from chlorine gas and hydrogen gas 
in these burners, one of which is being lighted by an operator 


40. Production of Hydrofluoric and Hydro- 
chloric Acids in the Laboratory 
Hydiofluoiic and hydiouhlouc acids aic 
most often made m the laboiatory by the 
action of concentiatcd sulfuiic acid upon 
(solid) salts of these aeids Bt'cuuse of thcii 
relative abundance, Jluotspai is used with 
sulluric acid to make hydiofluoiic, and salt 
IS used to pioduce hydiochloiic acid 

CaFs + H2SO, — >- CaSOi + 2 HF + 
NaCl + H2SO4 — NaHSOi + HCl f 
or, Cl- + I-FHC4 liHOr + HCl 

At higher tompeiakues and in tlie jiicsence 
of an excess ol salt, the si'cond of these le- 
actions goes oiu' step farther 

NaHS04 + NaCl — >- HCl + NasSOi 
or, HSOr + Cl- — J- HCl + sor 

The two acids are gases in their pure states 
and are, eonsequently, collected by dissolv- 
ing them m water. Hydrofluoric acid must 
be prepared in lead or platinum vessels, 
which are not readily attacked by the acid. 


and the aqueous solution is usually stored m 
wax contamcis 

The reactions used to produce hydiofluonc 
and hydiochloric acids are revcisible, but 
under the conditions employed they lun to 
an end in the direction of the hydrogen 
halide Eqiiilibiium cannot be attained, be- 
cause the hydiogen compound of fluorine or 
chlorine escapes, since the sulfuric acid used 
IS almost free of water, the gases cannot dis- 
solve, and therefore they separate from the 
other pioducts of the leactions At the tem- 
per atuic used, sulfuric acid is stable and not 
volatile This is the leason for using sulfuiic 
acid instead of nitric acid, foi example If 
the lattei weie used m the puio state, its 
volatility is fairly high oven at low tempeia- 
tuics, and it leadily decomposes to loim 
gaseous oxides of niti ogen If it were used, 
the gaseous hydrogen halide would be impuie 
because of the simultaneous production of 
other gases, and the reaction would not be as 
complete 

The level sibihty of the reaction of salt and 




346 


THE HAIOGENS 


sulfuric acid can be demonstrated by passing 
gaseous hydrogen chloride into a saturated solu- 
tion of sodium hydrogen sulfate (NaHS 04 ) 

(Na+ + HSOr) -h (H+ + C1-) —>■ 

( 2 H+-|-S 04 =')-l-NaCl I 

In this leaction the hydrogen chloride does not 
escape because the watei present in the saturated 
solution of sodium hydrogen sulfate dissolves it. 
A coneeiitiated solution of hydrogen chloiide 
can, m fact, be used almost as satisfactorily as 
the gaseous state of the substance The sodium 
hydrogen sulfate exists in solution as Na+ and 
HS 04 ~ 01 SO “ and II'*' ions, the hydrogen chloiide 
foims chloride (Cl~) and hydrogen ions Undei 
the conditions specified more sodium and cblnriHe 
ions are placed in the solution than can be 
present in a saturated solution of sodium chloride, 
and hence the excess precipitates as crystals of 
salt 

41 Commercial Production of Hydrochloric 
Acid 

In the oldest, and still widely used, method 
of^ producing this acid, an excess of salt is 
mixed with concentiated sulfuric acid (Fig- 
ure 174), and the mixture is heated to a 
moderately high temperature so that sodium 
sulfate is formed instead of sodium bisulfate 
(See the equations m the preceding section ) 
The sulfuiic acid is more fully utilized m 


this mannei than it would be if the reaction 
stopped with the foimation of sodium sulfate 

Hydiochloric acid is also produced on a 
commercial scale by the direct combination 
of hydrogen and chlorine (page 344) 

42. Production of Hydrobromic and Hydriodic 
Acids 

We should expect to find that hydrogen 
bromide and iodide can be prepaied m the 
same manner as hydiogen fluonde and 
chloride 

(1) NaBi -h H2SO4 — > NaliSOi -f- HBr 

(2) Nal + H2SO4 — J- NaHSOi + HI 

When (solid) sodium bromide and sodium 
iodide are treated with coheentrated sulfuric 
acid, some hydiogen bromide and hydrogen 
rodide are produced The products, how- 
ever, are not pure In the hrst reaction 
(mvolving the bromide), the gas which' is 
evolved contains considerable quantities of 
hydrogen bromide, but it also contains free 
bromine and sulfui dioxide (SO2) In the 
second reaction, some hydrogen iodide is 
present m the gases evolved, but fi ee iodine, 
sulfui dioxide, and even hydrogen sulfide 
(HaS) are also present The foimation of 
these substances shows that sulfuric acid 



Figure 174. Diagram of a Plant Producing Hydrochloric Acid 
A a the retort containing the charge of sulfuric acid and sail, here the salt is con- 
verted into sodium acid sulfate The second reaction is then earned out ot B 
by heating the mass, which Is raked from the retort, directly above the fire box, 
at , therefore, sodium acid sulfate is converted into sodium sulfate The hy- 
drogen chloride IS dissolved In the water contained in the jars (D) and In the 
washing tower (D^). The solution of acid collected m the re«'verT 
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Figure 175. A Hydrochloric Acid Plant 

The [ors in which the hydrogen chloride ts dissolved are colled bombonnos (C) The gas passes from one bombonne to 
another through D and finally into the washing tower (A) through B E and G ore storage bombonnes and carboys 


oxidizes a poiLion ol the hydrogen biomide 
and hydiogen iodide’ 

HjSOi + 2 HBr — ^ Bi s -h I-LiSI ), + HjO 
H,SC)3 — >- li.O + SOj 

When hydiogen hulfidi' is lormed, t,lic reduc- 
tion of suliui ih earned still fuitliei, since the 
valence ol the element in l.his compound is 
-2 

H 2 SO 1 + 8 HI — 1 - H 2 S + 4 I 2 + 4 H 2 O 

Hydiogen bioimde and hydiogen iodide 
are piodueed coinmei cially by leactions of 
hydrogen with gaseous hiomine and iodine 
These icaetions aie cai i led out at aliout 200° 
with the aid of eatalysts, plntiniim is used 
111 the production oi hydiogen hiomide and 
chiomic aeid m the pioduetion ol hydiogen 
iodide 

Pure hydiobi omic and hydiiodic acids are 
usually piepaied in the laboiatoiy horn phos- 
phoius tiibiomidc and phosphoius tri-iodide, 
respectively These compounds leaet with 
watei by double decomposition as follows 

(1) PBij + 3 HOH — 1- P(OPI)s + 3 HBi + 

(2) PI, + 3 HOH — P(0H)3 + 3 hi -f 


A double decomposition of this type in 
which water is one of the leacting substances 
is called hydiolysis (page 181) The halides 
of most ol the non-metalhc elements, and 
those of many of the elements usually con- 
sideied as metals, hydiolyze leadily In 
geneial, it is tiue that the more actively non- 
metalhc the element with which the halogen 
IS combined, the more hydiolyzed is the 
compound, if it is miscible with watei 

In leaction (1), red phosphoius is placed in a 
limited quantity of water, and bromine is slowly 
added bora a diopiiing funnel Bromine leacts 
leadily witli phosphoius to lorm phosphoius tri- 
bioirude, which then leacts with watei The 
compound P(OH), is jihospliorous acid, and its 
foi inula IS wiitton as HiPO, The mixtuie ot 
gases that escapes contains both biomiiie and 
hydiogen biomide The biomme is lemoved by 
passing the mixtuie ovei phosphoius with which 
it icactb to foun moie of the tiibiomide The 
hydiobiomio acid is then collected by dissolving 
it in watci in which it is very soluble 

In the preparation of hydrogen iodide, iodine 
and phosphoius aie usually allow'ed to react to 
form phosphorus tii-iodide by mixing the two 
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solids and heating them until they melt Water 
IS then dropped upon the mixtuie and the leac- 
tion takes place as indicated in equation (2) 
Some iodine escapes with the hycliogen iodide, 
and this is removed by passing the mixtuie of 
gases through a small quantity of water In 
most cases the puiified hydiogen iodide is col- 
lected by dissolving in watei, in which it is very 
soluble 

Hydrogen iodide can be prepared, also, by 
bubbling hycliogen sulfide through a solution 
which contains a suspension of iodine oi thiough 
a solution which is in contact with the solid The 
following leaction occuis 

HjS -1- H 2 (11+ + I-) + S 

A solution containing 47 5 ppi cent of hydro- 
biomic acid and boiling constantly at 126° can 
be piepaied by distiUmg the hydrogen biormde 
solution resulting fiom a mixtuie of dilute sul- 
fuiic acid and potassium oi sodium biomide 
(saturated) Puio hycliogen biomide is also 
prepared by the action ol biomine upon com- 
pounds of caibon and hycliogen (See similar 
leaotions of ohloiine forming hydiogen chloiide, 
page 333 ) 

43 The Properties of Hydrogen Chloride 
Since hydiogen cliloiide is by fai the most 
widely used and the most impoitant of the 
hydiogen halides we shall discuss its proper- 
ties at some length, leaving the thiee otiicrs 
lor briefei discussion in another section 
(§ 47) Long befoie the discoveiy of chlo- 
tine, it was Imown that sulluiic acid icacts 
upon salt to produce an acid which was 
called, in the eaily days of chemistiy and by 
the alchemists, maiinc or miuiatic acid 
This name is sometimes still used in lefeiimg 
to the acid as an ailicle of commeice 
The teim hydiogen chloiule now refeis to 
the pure, anhydious HCl, and the aciueoiis 
solution IS called hydiochloiic acid As 
alieady stated, the modem theoiy of acids 
causes us to logaid puio hydiogen chloride 
as an acid, and the distinction between the 
compound and its solution becomes less im- 
portant than we once thought Theie is 
consideiahle diifercncc, howevei, between 
diy hydrogen chloride and the solution or 


even the moist gas The two terms, hydro- 
gen chloride and hydrochloric acid, may 
still be used, therefore, merely for con- 
venience 

Puic hydiogen chloride is colorless and 
has a very sharp and irritating odor Undei 
standard conditions a liter weighs 1 6392 g 
The moleculai weight (36 47) agrees with the 
formula HCl It is very stable, as indicated 
by the small degiee of dissociation when it is 
heated to a high temperature, at 1500°, less 
than 0 3 pei cent is dissociated into hydrogen 
and chlorine The gas can be liquefied by 
decreasmg the tempciature and increasing 
the pressuie The liquid is coloilcss and boils 
at —85° under one atmospheie of pressure 
Its ciitical tcmpeiatuie is 52°, its freezing 
point, -111° The solid is snow-hke and 
ciystalline The anhydious gas and the 
hquid are inactive, they do not attack metals 
at low tempeiatiiies, and at high tempeia- 
tures the diy gas attacks the most active 
metals only slowly Neither the luiuid noi 
the anhydious gas icacts witli caibonates oi 
with oxidizing agents as the solution of hy- 
diochloiic acid does The liquid is a non- 
condiictoi of the electnc cm rent This is 
in sharp contrast to the solution, which is 
an excellent conductor We may assume, 
therctoie, that puie hydrogen chloride is a 
covalent compound, and that in solution it 
leacts with water to foim Cl~ and HjO"'' ions 
(page 156) 

Hydrogen chloiide is extiemely soluble in 
watei Its solubility can be demonstrated 
lather spectaculaily as shown in Figure 176 
The uppci flask is filled with hydrogen chlo- 
iide The gas slowly dissolves at hist be- 
cause of the small amount of the water’s 
sui face exposed to the gas m the two flasks 
As the gas dissolves, the watei uses in the' 
tube and finally ovei flows into the flask con- 
taining hydiogen chloiide The gas then 
dissolves completely and at once, leaving 
almost a complete vacuum in the uppei 
flask The pi essure of the atmosphere foices 
the water into this flask One ml of watei 
dissolves slightly more than 500 ml of hy- 
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Figure 176. A Method by Which the Solubility 
of Hydrogen Chloride In Water can be Demonstroted 

diogcn chloiulo iit, 0°, iirid alioul, 4f)!) ml dl, 
15° The very gieat Kolubihly oi hydiogpn 
chloride in walei indicntoh that a chemical 
leaction occuis between the holuLe ami hoI- 
vent (page 156) This is the icaction which 
pi educes (’l“ and HiO"'" ions A saturated 
solution at 0° oontaiiis slightly raoio than 
39 per cent of Hdl The ordinal y “chemi- 
cally puie” concentiated hydiochloiic acid 
contains about 37 per cent The constant 
boiling solution (page 190) eoiitains 20 2 pci 
cent of Hdl (700 mm) and boils at 110°, 
which is the highest boiling point oi any 
aqueous hydrochloric acid solution 'Phe 
composition vaiics with the piessuie uiidci 
which the solution boils This vauation in- 
dicates that the solution is not a compound 

44 Chemical Properties of Hydrochloric Acid 

The chemical propeities of hydiochlonc 
acid are those of a typical “stiong” acid 
Like all acids it has a soui taste, turns liluc- 
htmiis led ami a letl (allt.ihue) solution of 
phenolphthalem coloili'ss; it is a conductor 
of the electiic current, and it reacts with the 
oxides and hydroxides of the metals to foim 
salts and watci The pioperties discussed 
below are those oi many acids and arc not 
specific qualities of hydiochlonc acid 

(a) Action upon Metals We have icferrcd to 
the action of certain metals upon hydiochlonc 


and othei acids in cli&oussmg the jnepaiatioii ot 
hydiogcn (page 100) All tlie metals above hydio- 
gen in the electuichemical seiios act upon hydio- 
cliloiic acid to liboiate hydiogeu and fnim 
chlorides of the metals The icaction may be 
used to produce chloiidcs such as AlCL, SnCL, 
and PeOh 

(5) Action upon Oxides ind Hydroxides ol the 
MeUds Acids react with the oxides and hy- 
dioxide.s of the metals to foim watei and salts 
When the acid is hydrochloiic, chlorides aie 
foimed 

(c) Action upon Salts Hydiochlonc acid might 
be expected to leact with salts to libeiate acids, 
as siilfuiio acid leacts with chlnudes to pi educe 
hydiochlonc acid itsell It does do so, but the 
leaction is often incomplete because hydiochlonc 
acid itself is \ olatile and tends to escape horn the 
icacting imxtuie as a gas Sulfuiic acid, on the 
othei hand, is not volatile at oidinaiy teinpeia- 
tuies, and consequently leacls with salts of vola- 
tile acids nioie eoinpletcly Wiien a solution of 
a salt, stifili as sodium acetate, is treated witli 
hydiochloiic acid, the reaction piucecds to 
oiiuilihiium 

(Na+ -h CiilHOi-) -h (H+ -1- C1-) 

(Na+ -h C1-) -h IiC 2 l-HOj 

If solid .sodium acetate is tieatcd iwth concen- 
tiated hydiochlonc acid, a similar reaction occuis, 
Imt the acetic acid wluch is evolved as a gas, il 
the mixtuie is wanned slightly, is impuie, being 
mixed with hydiogen chlonde 

Hydiochlonc acid does icact almost completely, 
howevei, with some salts, such as the carbonates 
and sulfites The reactions in these cases liberate 
caiboniG and sulfuious acids which aie unstable 

(2 Na I- -t- COW) + 2 (H+ -f- 01“) — S- 

2 (Na+ -f C1-) -I- HiCO, 
ILCO, — )- IW + CO, -f 
(2 Na+ + SOW) + 2 (11+ + CH) — >- 

2(Nai +C'H) + H2S0, 
I-hSO, — >-H,0 + SO,>^ 

The decomposition of these acids occurs m dilute 
solutions and at low tempeiatuie Uiulei these 
conditions theie is little loss of hydiogen oMoiide 
from the solution by volatilization Hence the 
leactions aie piactically complete in the forward 
direction 
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45 Properties of Hydrochloric Acid Which 
Are Independent of Its Acid Character 

(a) Action as a Reducing Agent In diH- 
cusbing the methods of piepaimg chloime, 
the effects of different oxidizing agents upon 
hydiochloiic acid weie considered (page 327) 
Some of the reactions which demonstrate the 
reducing action of hydiochloiic acid are the 
reactions of manganese dioxide, potassium 
permanganate, potassium dichromate, and 
nitiic acid 

(b) Action as a Soluble Chloride Test for 
Chloride Ion Hydiochloiic acid reacts by 
double decomposition with the soluble salts 
of certain metals to form the chlorides of the 
metals Many of these leactions aie fai 
fiom complete, but silvei chloride and mei- 
ciiious chloride aie only slightly soluble 
and may be easily piecipitated by adding 
hydiochloric acid, or any soluble chloude, 
to solutions of the nitrates of the two metals 
Lead ehloiide is piecipitated in the same 
manner, but piecipitation is never complete 
owing to the model ately high degree of 
solubility of lead chloude All othei com- 
mon chloiides aie at least modeuitely sol- 
uble in watei 

(Ag+ -b NO,-) + (H+ + C1-) — 

AgC'l \ + (H+ + NO 3 -) 
(Hg+ + NOr) + (H+ + ( '!-) 

HgCl I + (H+ + NO 3 -) 

The 1 cacti on with silvei nitrate is often 
used as a test foi soluble chlorides The 
test IS legaided as positive when the addi- 
tion of silvei mtiatc causes the precipitation 
of a white, cuidy precipitate that turns daik 
upon exposuie to light Nitiic acid may be 
added to dissolve ceitam other silvei salts 
which piecipitate in a neutral 01 alkaline 
solution This test is not vciy satisfactoiy if 
biomidc or iodide ion is present, because 
silvei biomide and silver iodide are also 
only shglitly soluble, even in the piesonce of 
nitiic acid These salts aic both slightly 
colored, howevei, while silvei chloude is 
white 


46. Uses of Hydrochloric Acid 

Next to sulfuiic acid, hydrochloric is the 
most widely used acid in industry. It is one 
of the strongest acids, being considerably 
strongei than sulfuric The lattei is used 
moie extensively, when a strong 01 moder- 
ately strong acid is desned, because it is 
cheapei We should expect hydrochloric 
acid to cost moie than sulfuric, because it is 
pioduced by the action of sullfunc acid upon 
salt Hydrochloric acid is sometimes less 
desiiable than sulfuiic, because it is volatile, 
and because it acts as a reducing agent 
Vaiious concentrations of hydrochloiic acid 
solutions aie among the most familiar and 
most widely used laboiatory reagents m 
analytical chemistiy 

Industiially, hydrochloiic acid is used in 
making “pickling” baths foi iron that is 
to be coated with tin or zinc The acid cleans 
the suiface by lemovmg the coat of oxide 
It IS also used as a catalyst m the production 
of syiup fiom com staich, it is used in pre- 
paiing glue fiom animal tissues such as 
caitilage, in the manufacture of dyes and 
drugs, in dissolving the calcium phosphate in 
bone charcoal, m the manufacture of textiles, 
and to pioduce the chlorides of many metals 
from then oxides, hydroxides, or carbonates 

47. Properties and Uses of the Other Hydrogen 
Halides 

Some of the important pioperties of hydi 0 - 
bromic, hydriodic, and hydiofluonc acuN 
(and the anhydrous compounds) aie given in 
Table 16 The piopertios of hydrogen chlo- 
ride and hydiochloiic acid are also tabulated 
foi comparison 

With the exception of hydiogeii fluoiido, the 
hydiogen halides have toimulas coiiespondmg to 
HX, as doteimined by the weight of 22 4 liteis 
of the diffeieiit gases iindei standaid conditions 
The foimula of hydiogen fluoiide is still somewhat 
in doubt When the tempeiatiiie is aiouiid 100° 
the weight of 22 4 hteis (coircctod to 0°) of the 
gas coriesponds to the formula HF At lowei 
tempeiatuies (30° — 36°) the correct foimula 
appeals to bo (HFIj 01 H 2 F 2 , and at still lower 
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Property 

HF 

HCI 

HBr 

HI 

Solubility m 1 ml. of water at 0° 

264 ml (10°) 

506 ml. 

610 ml 

425 ml (10°) fi 

Temperature of constant boil- 




ing solution (760 mm 1 

120° 

110° 

126° 

127° 

Composition of constant boil- 




Ing solution 

35% 

20.2% 

47 8% 

57% 

Boiling point of pure substance 

19° 

-85° 

-67° 

-35 5° 

Stability — per cent dissoci- 





ated at 325° 

0 

15X10-6 

3 5X 10-3 

19 

Heat of formation (calories) 




(gad 

38,000 

22,030 

8,650 

-5,926 

Strength of the acid 

weak 

very strong 

very strong 

very strong 


tempeiatuicK, The tendency of simple 

HT molecules to foim molecules such as (HFlj 
and (HF)o may lie exiilained as lollows 

H F II V II K II F H F li.F 

This shows that hjjdTogttn humh (page 183 ) aie 
icsponsiblo foi tieing togothci the simiilc IIF 
units At the lowoi tempoiatuics tlie moie oi 
less uomphcatod molecules aio fairly stalile, but 
as the tonipeiatuio lises and the velocity ol the 
molecules inci cases, they bieak up into .smaller 
units 

In rliluto .solution liydiogen fluoiide exi.sts a.s 
HP molecules and foiins .salts .such as iiola.ssimn 
fluoude, Kh', when the acid is iicutiahzod Acid 
.salts of the type KIIIA aie also known At one 
time, it ivas thoiiglit that the existence of the.se 
salts proved that tlie foimula of the acid is H2F2 
IVe aie inclined to belicv'e, howcvoi, that KHFj, 
and similai acid Iluondes, repicsciit the leplacc- 
raent of one hydiogen atom m II F H F 
by an atom of potassium 01 some other metal 
This means, ol eoiuBC, that thoie aie some (HF)2 
units in a solution ol hydiogen Iluoiide and that 
these act as a monobasie acid, II(IIF2) 

Hydiofliioiic acid is a relatively weak acid 
as compaied with the hinavy acids ol the 
othei halogens. Its solution is also a weaker 
conductoi of eleetiieity than the solutions of 
the other hydi o-halogcn acids The weak- 
ness of this acid IS pi obably the result of the 
association of its molecules to foim H2F2 01 
HbFe, in which hydrogen is more firmly held 


and thcrcfoic is less available for reactions 
with bases than it would be in the simple 
compound HF or as it is in HC'l It is used 
as a catalyst in the pi eduction of high-giado 
gasoline used as fuel in an plane motois 

Puie hydiogen fluoude and its aqueous 
solutions leaet with silica (SiOj) and .sih- 
catc.s, such as oalcium silicate (C'aSiOi) 
The leaction with silica pioduces silicon 
fluoi ide, a gas, and watei 

S1O2 + 4 HF — ^ S1F4 -f +2H2O 

When hydrogen fluoude leacis with metallic 
silicates, silicon fluoude, water, and fluoiidcs 
of the metals aie pioduced 

CaiSiOi “I 6 IIF — SiFi 'f* CdlPz “I 3 II 2 O 
Glass, poieclain, claywaies, and similai ma- 
teiials contain silicates Hydiofluoiic acid, 
theietoie, attacks these matcuals and can- 
not be stoied or allowed to leact with othei 
substances in vessels made of them Its 
containers aic made of lead, platinum, liaid 
lubber, Bakehte, oi wax- Beakers in which 
its solution leacis, and iuiinels in which it is 
filtered, must be made of similai mateuals 
Hydiofluoric acid is used to etch glass m 
making thcrmometeis, giaduated cylinders, 
and burettes The glass aiticlc is coated 
with paiafiin and the poition which is to be 
etched is exposed by cutting thiough 01 
scraping away the piotecting coat The 
article is then exposed to a solution of hydio- 
fluoric acid or gaseous hydiogen fluoride 
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Glass IS “fio&tcd” by a mixture of hydro- 
fluoric acid and ammonium fluoride The 
solution of the acid is used in analytical 
chemistiy to dissolve silicates or materials 
containing silicates (page 344) 

The acid, the pure gas, and all soluble 
fluorides are very poisonous Solutions of 
hydrofluoric acid produce serious bums Ex- 
treme caie should be taken not to spill the 
acid upon the flesh oi clothing 

Hydrobiomic and hydi iodic acids have no 
extensive uses They aie sometimes used as 
reducing agents, since they are leadily acted 
upon by many common oxidizing agents 
Hydiofluoric acid is not a reducing agent, 
this is to be expected, since fluonne itself is 
the most vigorous ol all oxidizing agents 
Hydrobromic and hydriodic acids, m aqueous 
solutions, are as ''ationg” as hydrochloric, 
but are seldom used as acids because they 
scive the purpose of an acid no better and 
arc more difficult to piepare than hydro- 
chloiic acid 

The iodides and bromides of the metals 
aie soluble with the exceptions of those of 
silver, meicury (mercurous), and lead The 
addition of silver nitiate to a solution of a 
chloiide causes the precipitation of white 
silver chlonde, with a biomide, a light 
yellowish-tan precipitate of silver bromide 
IS f 01 mod; and with an iodide, yellow silver 
iodide lb produced Silver fluoiide is white, 
and it IS much moie soluble than the other 
silver halides difterence m coloi of sil- 
vei chlonde, bromide, and iodide may be 
used m a rough way to deto’ mine which of 
these ions is present in a solution, if only 
one of them is piesent The test is not very 
derinite and for accurate analytical lesults 
other methods aie used Each of the halo- 
gens, foi example, beginning with iodme may 
be liberated by the proper oxidizing agent 
(see list, page 362) without aflectmg those 
more difficult to oxidize As iodine and 
bi online aie oxidized they may be extracted 
by adding several portions of an organic 
solvent, such as caibon disulfide, in which 
they aie moie soluble than in watei The 


free halogen may also be expelled by heating 
or bubbling air through the solution (es- 
pecially in the case of biomine), until the 
halogen is completely removed (page 205) 

48 Summary Periodic Relations of the Halo- 
gens 

The stiuctuies of the atoms of the four 
halogens are alike in having seven valence 
electrons The negative valence number of 
each element is consequently 1, and the 
maximum positive valence number is 7 
Fluorine, which has the smallest atomic 
weight of the lamily, is the most vigoiously 
leacting non-metal of the entire list of ele- 
ments The metallic characteiistics increase 
with increasing atomic weight This change 
is indicated by the properties of the elements 
themselves and those of then hydiogen 
compounds 

Dilforences m the chemical behavioi of the 
halogens can be explained by reference to 
the relative sizes of the atoms of the foui 
elements and the attraction which they have 
foi electrons The fluorine atom is smallest 
and attracts elections most strongly because 
even the farthest leinoved elections of its 
atoms he relatively near the nucleus The 
iodine atom is the largest, and its valence 
electrons are farthest removed fiom the 
nucleus Consequently, the iodine atom 
holds these elections less firmly and has less 
attraction for an eighth electron than the 
atoms of any of the othei halogens It is 
also easier to separate the election which 
the iodine atom acquiies, when it becomes 
an iodide ion, than it is to separate the extia 
electron fiom any other hairdo ion For this 
icason hydrogen iodide is a better leducmg 
agent than the othei hydro-halogen com- 
pounds Hydiogen fluoiidc, on the other- 
hand, IS not oxidized to free fluorine by any 
other clement, since there is no other element 
which possesses greater attiaction foi elec- 
tions than fliioimc The attiaction of chlo- 
line and biomine atoms for elections is in- 
teimediate between that of fluonne and 
iodine, the attraction of chlorine being 
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TABLE 17 


Properties of the Halogens 


Element 

Atomic 

weight 

Melting 

point 

Boiling 

point 

Color and physical 
state 

Boiling point 
of hydrogen 
compound 

Stability of 
hydro-Qcid 

Voltage re- 
quired to 
ionize atoms 
(in gaseous 
state) 

Fluorine 

19 

-223° 

-187° 

Light yellow 
gas 

19“ 

stable 

16 9 

Chlorine 

35.46 

-102“ 

-35“ 

Greenish- 
yellow gas 

-85“ 

stable 

13 

Bromine 

79 92 

-7 3“ 

59“ 

Reddish-brown 

{(qt/rd 

-67° 

unstable 

11 6 

Iodine 

126 92 

114“ 

184“ 

Purple-black 
crystalline plates 

-35 5 

very unstable 

8 


stronger than that of bi ommt' lire voltage 
reqiiaod to ionize tlic atoms (Tabic 17) is, 
in geneial, a raoasnio of thou attiaotion for 
electrons 

Review Exercises 

1 In what lesppcts is ohloiino like oxygon and 
in what K'siiocts do the two elements diffei? 

2. What volume of oliloime can lie pioduccd 
horn 10 liteis (standard coiulitioiis) of 
liydiogeii chloiide by the Deacon piocess it 
75 pci cent of the chloiidc is oxidized? 

3 Assuming tliat tlieio is no loss in the piocess, 
what weight ol sodium chloiide would be 
requiied to pioducc liy electiolysis 750,000 
tons of cliloiiiic, which is apiiioximately the 
annual produotioii in this countiy'^ 

4 What weight of chlorine can be piodiiced by 
oxidizing IICl (ill excess) liy one giam- 
moleoulai weight each ol MnOj, KMnOi, and 
K 2 Ci 207 ^ What weight of ohloiine can be 
piopaied iiy the same leactions using 1000 
giams of each of these oxidizing agents? 

6 What wciglit of sodium chloiide must be used 
witli an excess of HaSOi and MnOa to iorm 
one giam-molecular weiglit of chloime? 

6. What volume of hydrogen chloride (calcu- 
lated for standaid conditions) could be pro- 
duced from the combination of hydiogen and 
the chlorine resulting from the electrolysis 
of 100 grams of sodium chloride? Assume 
that there are no losses 

7 Describe the vaiiations in the properties of 
the halogens with increasing atomic weight. 


8 Element 85 is a membei of the halogen fam- 
ily What slioiild be its propoitios^ Con- 
sidei coloi and physical state, melting and 
boiling points, vigor of its leaction with 
hydiogen, oxidizing powci, the atti action of 
its atoms for elections, its atonuo stmctuie, 
the ease with which the hydiogen compound 
can be oxidized, and the .stability, strength as 
an acid, boiling point, etc , of the hydiogen 
compound 

9 Wiite the equation for the hydrolysis of 
phospliouis Inohloiide 

10 What evidence indicates that clilonne is a 
better oxidizing agent than iodine but a 
pooiei one than fluoiine? What evidence 
indicates that hydiofluorio acid is a weakei 
acid than hydiochlonc'? 

11 How would you piepaie a constant boiling 
solution of hydiocliloiic acidY How do we 
know that this is not a compound of water 
and HCD 

12 Compare the propeities of puie hydrogen 
chloiide with the piopeitios of its aqucou,s 
solution 

13 Suggest a procedure by which the sil vei iodide 
used m photogiaphy might be prepaiod 

14 How would you test a solution to determine 
which acid is present if the solution is known 
to contain HBr or HI? How would you 
prove that the solution contains the acid 
instead of a salt of the acid? 

16. Assuming that Chile saltpeter contains 0.1 
per cent of NalOs what weight of the salt- 
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petei IS leqmied to pioduce 100 grams of 
iodine? Assume that there are no losses 

16 How would you pioceed to separate bromine 
and chloiine from a mixture of the gaseous 
states of the two substances so that fairly 
pure samples of each are obtained? 

17. How IS iodine most easily purified’ 

IS. What weight of chloiine would be lequired to 
libeiate all the iodine contained in one litei 
of a molai solution of sodium iodide if an 
excess of 10 per cent of chloiine is used? 
How would you piooeed to obtain the re- 
leased iodine m a fairly piiie state? 

19 Foi what reason is the production of chlorine 
by the electiolysis of sodium chloride solu- 
tions moie satisfactoiy than the Deacon 
pioeess’ 

20. Although chloiine leacts with watei, it can 
still be said that chlorine forms a solution 
in water Explain how this is possible 

21 Summarize the chemical behavior of chlorine 
by wilting equations to show how it leacts 
with metals, pliosphoius, sulfui, hydrogen, 
water, sodium biomide, sodium iodide, 
hydrogen sulfide, methane, and carbon 
monoxide 

22 Undei what conditions does the reaction 

NaCl -f H2SO4 NaHS04 -t- HCl 

reach equdibimm’ Undei what conditions 
lb it most nearly complete toward the light? 
Ton aid the left’ 

23 How many liteis of noimal HC! .solution can 
be prepared fiom the HCl obtained by 
treating 100 g of BaCb with coiicentiateJ 
bulfuiic acid’ Assume that there are no 
losses 

24 What volume of chlorine at 22“ C and 738 
mm will he lequired to replace completely 
the biomine in 250 ml of a 0 2 noimal 
solution of sodium bromide’ 

25 Wliat volume of hydiogen biomide (gas) 
at 0° and 760 mm can be piepaied by 
adding an excess of water to 100 giams of 
PBu’ 

20 Staitmg with a solution containing sodium 
iodide and sodium chloride, what oxidizing 
agent (in the presence of dilute sulfuric acid) 
could be used to oxidize iodide to free iodine 
without affecting the chloiide? How would 


you extiact the fiee iodine fiom the solution 
(see page 200)’ 

27 Wiite equations, using whatever other sub- 
stances are necossaiy, to show how you would 
prepaie NaCl fiom NaBi, NaaSOi from 
NaHSOi, III fiom H^S, S1P4 from S1O2, HF 
from CaPj, HCIO from H2O 

28 Wliat are the names of the following sub- 
stances which have been discussed in this 
chapter’ CaOCh., IICIO, PI,, S2CI2, S1F4, 
CHCh, COCI2, Nal-ISOi, CaFi, Na^AlFo, 
NalOa, KMnOi, K2C12O7, KHI-h, and KI, 

29 Calculate tlie volume of molat potassium 
permanganate solution which would be le- 
quiied to liberate the iodine in one liter of 
noimal hydriodic acid solution 

30 Complete the following equations and under- 
line all ptorlucts which would piccipitatc 
when aqueous solutions of model ate concen- 
tration and contaiimig the leagciits indicated 
are mixed 

(a) Silvei mtiatc and potassium iodide 

(b) Load nitiate and sodium biomide 

(c) Banum nitrate and sodium iodide 

(d) Peiric chlondo and meiouious mtiate 

31 Desciibe the changes which would occur in 
the composition of the solution 111 the flask 
and in the distillate during the distillation 
ot a solution containing 30 per cent of hydio- 
gen chloride 

32 One ml of liquid biommo weighs 3 18 times 
as much as 1 ml of watei What volume of 
liquid bromine would be lequiied, il it weie 
completely conveited into HBi, to produce 
one litei of a solution ol the same concentia- 
tion as could he pi oduced by dissolving 44 8 
liters (standaid) of hydiogen chloiide in a 
liter of ivatei’ 

33 What is the weight of one liter of hydingen 
iodide (gas) calculated for 0“ and 760 mm ’ 

34 Using the electiumc theoiy of atomic stiiic- 
tuie, explain why (1) fluoime is a bettei 
oxidizing agent than chloiine, and (2) iodide 
ion is easily oxidized to fiee iodine. 
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OXIDATION AND REDUCTION; 
BALANCING EQUATIONS 


1 Introduction 

Oxidation and reduction have been ex- 
plained in Chapter 6 In this chaptei we 
are to study the methods used to balance 
equations lepiesenting chemical changes of 
this kind and the lelative activities oi poweis 
of different oxidizing and reducing agents. 

EQUATIONS FOR OXIDATION-REDUCTION 
REACTIONS 

2. The Reaction of Antimony and Chlorine 

Balancing an equation for the leaction 
that occuis between an oxidizing and a le- 
ducing agent calls essentially foi a balance 
of the loss in valence number of one element 
against the mciease m the valence number 
of the other The valence numbei of one is 
reduced as much as that ot the othei is in- 
ci eased The problem ot balancing the 
equation, theiefoie, is leally one ot detei- 
mining the numbei s of atoms ot each ele- 
ment that must be shown in the equation in 
01 del that the total change in the valence 
numbei foi one will be equal to the total 
change foi the othei element 

Let us considei a simple example of oxida- 
tion and 1 eduction Antimony, Sb, leacts 
with chloiine, C'b, to foira antimony tii- 
chloiide, SbCls 

Sb-fCb-^Sb^d-SCl- 

Klement oxidized, Sb Element reduced, Cl 
Chaiiffo m valence num- Change in valence num- 
ber from 0 to +3, a her from 0 to —1, a 
gam of 3 loss of 1 per atom 

How many atoms of antimony and mole- 
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cules of chloiine must be shown in the equa- 
tion? The coirect numbei s will be those that 
will make the total gam in the valence num- 
ber of antimony equal to the decrease in the 
valence numbei of chlorine Since each 
atom of antimony undergoes a change of + 3 
in valence number, and each atom of chlorine 
a change of -1, it is evident that three atoms 
of chloiine must be used m older that chlo- 
iine will show as much decicase as one atom 
of antimony inci eases or, in othei woids, 
thiee atoms of chlonne must be used to 
remove thiee elections from one atom of 
antimony Hence, we could wiite our equa- 
tion as 

Sb -b 3 Cl — >■ (Sb-H-T + 3 C1-), 

but for the fact that chlonne exists as mole- 
cules of CI 2 and not as single atoms Theic- 
fore, m oidei that the equation will show this 
fact, we must double the quantity of each 
substance 

2 Sb -b 3 CI 2 — 2 (Sb+++ -b 3 CH) 

3. What Substances are Produced® 

We cannot wnto any equation unless we 
know the substances produced, and il moie 
than one valence, 01 oxidation, sUte ol any 
ol the elements involved aie possible, we 
must also know which of these are repie- 
sented in the oiigmal substances and in the 
products It IS not enough to know that iron 
is oxidized by chlonne Befoie we can wiite 
the equation, we must know whether the 
non ion pioduced is 01 Fe"^^ 
Sometimes, the products of a leaction can 
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be piedictcd almost, ii not completely, with 
certainty fiom a knowledge of the chemical 
properties of the substance's involved For 
example, sovcial metals have but one valence 
number — besides 0, of couise — and, there- 
toic, there can be no iinceitainty as to the 
changes that involvi' then oxidation or re- 
duction (hdemm m its compounds always 
has a valence niimb('i of +2, and hence, 
when metallic calcium is ovidizc'd it can foim 
only ( 'it''*' ion, and wlu'ii this ion is leduced, 
it can foim only metallic calcium It is also 
helpful to lemember that hydiogen always 
has a valence numbc'i of +1 , except in a few 
hydiides ot metals, such as LiH, in which its 
valence numbei is — 1 , that oxvgen’s valence 
niimbei is —2, and that chlonne in com- 
pounds with the mi'tals or livdiogen always 
has a valence nuinbei of -1 

Foi elements like non that have two or more 
valence-states tlie clieimst must sometiraos rely 
upon laboiatmy tests to doteniuue what sub- 
stance IS piodiieed lu a icaetion II one oxidizes 
lion by means of (hloiine, bionnne, iodine, or 
some othei oxidizing agent, either Fc' ' or h’e' ' ' 

IS piodueed, and it is not always the same ion 
The chemist can easily di'cide wliioh ion is pio- 
duoed liy a siinpli' test that gives one result if 
the ion IS Fe*'' and aiiotliei if it is Fc"''''' Upon 
adding potassium feiioevaiiide, Kd'’c(('N)o, to a 
solution containing non ions and liydiochloiie 
acid, a daik blue pieeipitate of Fci[Fe(CN)c]3 is 
toimed if Fe+''' is piesent, a white pieeipitate 
of Fe2Fc(CN), loiiris if Fpir, but no Fe+++, is 
present A similar daik blue jnceipitate of 
Pe3[Pe(CN)o]'i IS piodueed liy aildmg potassium 
ferricyamde, K(Fe(C’N)„, if Fe'' instead of 
Fe"'"*"' has been foiined 

When sulfui iii 11 .H (valeiieo numbei of sulfui, 
-2) IS oxidized, («) fiee siilliii (valence numbei, 
0), (h) suHite ion, SO, , oi sullui dioxide, SOi 
(valence iiuinlier, -hd), or (i) sulfate ion HOT or 
sulfui liioxide, SO, (valence numbei, +6) 
may be loiiued If fiec siilliii is formed, it will 
appeal as a solid insoluldc in watei To dis- 
tinguish between SOj^ and SO “, barium chloiide 
may be added to foim a pieeipitate of BaSOs 
01 BaSOi If it IS the foimoi, the precipitate wiU 
dissolve when hydiochloiic acid is added, if the 
latter, the precipitate will not dissolve m the acid 


We may mention othei simple facts that 
may well be kept in mind m wiitmg equa- 
tions foi reactions in which changes in 
valence states occur 

(1) Wc should not expect an active metal 
to be produced by the reduction ot its ions 
m the piosence of watei Sodium, for ex- 
ample, leacts with watei to foim sodium 
liydioxide and cannot, therefore, be reduced 
fiom Na’’' to Na m an aqueous solution 

(2) We should not expect the oxide of a 
metal to be produced in a leaction it an acid 
IS present Thus, the oxidation of copper by 
sulfuiic acid does not produce cupric oxide, 
CuO, because this oxide will leact with the 
acid to produce cupric sulfate, Cu^+SOi”, 
and wafer Similarly, the oxide of a non- 
metal will not be produced in the presence 
of a hydi oxide-base, such as NaOH If 
chloiide ion, Cl~, lor example, is oxidized m 
the presence of OH" ion, it should not be 
expected to foira iiee chloime or an oxide of 
chlorine Free chloime will not be formed, 
because it reacts (page 335) with hydioxyl 
ion. 

CI2 + 2 OH- — Cl- + CKJ- + H2O 

The oxide should not be expected, for, since 
it IS the anhydride of an acid, it will react 
with hydioxyl ion to form a sail, 01 the ions 
of a salt 

01.0 + 2 OH- -H- 2 CIO- -F H2O 

Likewise, sulfur when oxidized m the pres- 
ence ol OH— or even m watei, to a valence 
numbei ol +6, foi ms not the oxide, SO3, 
but the sulfate, SOr, ion, because SOj is the 
anhydnde of sulfuiic acid' 

SOa + 2 OFI- — ^'SOr + i-LO, 
or SO3 + H2O (2 H+ -F SOr) 

In the equations that we shall consider m 
this chapter, mtormation concerning the 
products of the reaction will be given Latoi, 
when the student has had more expeiience 
with the chemical propeities ot the sub- 
stances mvolved, he may, for many reac- 
tions, be able to determine the products ol 
the reaction for himself 
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4. The Oxidation of Copper by Sulfuric Acid 

The products of this leaction aie Cu'"*", 
sulfur diox:ide, SO 2 , and water Let us first 
wiite a tentative equation, and under the 
elements that are oxidized and reduced let 
us write then valence numbers before and 
after the change occurs 

Cu + H 2 SO 4 — f- Cu++ + SO 2 + H 2 O 
0 6 2 4 

Oxygen and hydrogen do not undergo any 
change involving their valence numbers 
The changes for copper and sulfur arc 

Copper Sulfur 

Change in valence 0 to +2, +6 to +4, 

number per atom gam of 2 loss of 2 

Since each sulfui atom loses as much in 
valence numbei as each copper atom gams, 
the equation is balanced by using one atom 
of each, and since there is one atom of sul- 
fur m a molecule of sulfui ic acid, only one 
molecule of that substance is required The 
equation, therelore, may be allowed to le- 
main m the tentative foim that we fust 
wiote But if we wish to indicate a sulfate 
ion, SOr, which will go along in the solution 
with the Cu'*'^ ion to make a complete set of 
the 10 ns of cupiic sulfate, one more molecule 
of sulfui 1 C acid must be added on the left to 
supply this ion If wc do this, the equation 
becomes 

Cu -I- 2 H 2 SO 4 — >- 

(Cu++ + SOr) + SO 2 + 2 H,0 

5. Oxidation of Hydrochloric Acid by Potassium 
Permanganate 

Let us next turn to a reaction that has 
been used (page 328) to pioduce chlorine, 
namely the oxidation of hydrochloric acid 
by potassium permanganate To balance 
this equation we must know that manganese 
IS reduced to Mn"*^ and that chloiine is 
oxidized to Cb With this information be- 
foie us we should be able to balance the 
equation Any pcimanganate will act m 
the same manner It is actually only the 


permanganate, MnOi , ion that is involved, 
and we may, foi the time being at least, 
omit the potassium ion and, for the same 
leason, the hydrogen ion of the hydrochloric 
acid 

MiiOr +C1“ — i-Mn++ + Cb 
Valence niinibei -)-7 — 1 +2 0 

Change per atom —5 +1 

Atoms required to 
balance 1 6 

Theiefoie, we may write the equation as 

MnOr + 5 Cl- — 

Mn-f+ + 5 Cl 01 2K-lb, 

or, to show a whole numbci of molecules of 
chlorine, as 

2 MnOr + 10 Cl- — 2 Mn-^- 5 Cb 

The equation is not yet complete, how- 
ever, because we have not shown what be- 
comes of the oxygen in the two JMnCr 10 ns 
Manganese, aftci the lenction, cannot ap- 
peal as the oxide, AInO, because this is a 
basic oxide, and the solution contains an 
acid, HCl The hydrogen ions of this acid 
are the only substances m the entire mixtuie 
that can react with the oxygen of MnOr, 
therefore, we must add on the left a sufficient 
number of H"*' 10 ns to react with all the 
oxygen m two MnOr 10 ns To dcteiminc 
the numbei of ions that must lie added, 
there arc two possible proccduies Fust, 
consider the diffeicnce 111 the chaigcs on the 
left and on the light On the 1 ight the total 
chaige IS 2 X (+2) 01 -|-4, and on the left 
it IS (—2) + (—10) 01 —12 To equalize 
these we must add 16 -f charges on the left, 
and since each hydrogen ion has a cliargc 
of +1, 16 H"'' ions are required Wc can 
aiiive at the same conclusion liy noting that 
the 8 atoms of oxygen m the two MnOr 
10 ns lequne 16 atoms of hydiogcn and will 
form 8 molecules of water 
Oui equation now becomes 

2 MnOr + 10 Cl- + 16 H+ — y 

2 Mn^-^ + 5 Cb -I- 8 H 2 O 

If we wish to fill in the equation with 
missing 10 ns to make complete sets with 
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Hti"'”'') MnO,i , Cl , iind H+ umb wc may 
write 

2(K++Mn0r)-|-lfi(n^’+Cl- J — >. 

2(Mn'-' +a Cl-)+2(K+-|-Cl-)+5CU+8lf,0 

All that has been done' in this final stop is to 
add G ions (2 for tho potassium, K+, ions 
and 2 oacii foi the two ions) on the 

iTght-liiind side of Ihi' ('(piafTon and tho same 
iiumlior of ( '1~ ions on the left. 

6 Oxidation of Ferrous Sulfate by Sodium 
Dichromate 

Let us no\:t considoi the oxidation of 
fciioiis ion, hV+i to feme ion, Fe+++, by 
the diclii ornate ion, CioO?”. As reagents 
we may use FcSOi and Na 2 Clr 207 Thi' 
dichiomato ion is eonveitod bv this loaclioii 
into chromie ion, ( 'i , whieli is atiout the 
only change that can oeeiii lor chromium, 
which has only two impoiiant valc'iiee num- 
bers, +3 and -|-b, iii a few raio compounds 
it has a valc'iice nunibcu of -t-2 
Using the same pioceduie to balance the 
equation a,s in the' pi ('ceding e\'am|)le.s, wo 
wiitc hrst 

tv ' + CijO ," — y l'’o+'+ + Ci+i-*- 

Valence mim- 
bei per 

atom +2 +0 -|-3 +3 

Change in 
valence 
numliei pei 

atom 4-1 — 3 

Atoms re- 
quired to 

balance 3 1 

Since tlieie aic' two atoms of ehiommm 
in each ( 'uOy” ion, it is ohyious that G atoms 
of iron, 01 G he"'''', must he indicated on the 
left and 2 Cli ' ' ' ions on llu' right Hence, 

6 Fe ^1- -i- C’rA)7“ — G Fe + 2 ( h 

Eiectricttl (OX 2)4- (-2)= (« X .1) 4- (2 X .3) = 

cbaiKoa -I- 10 -{-21 

Nunibei 
of II ' to 

be added 14 

Therefoie, 

6 Fe-^+ 4- Cio07= 4- 14 H+ — 

6 Fe+++ 4- 2 Cr+-^ -t- 7 HjO 


If wo now add to the equation the 2 Na'*' ions 
foi CroOv”, 0 SOU ions for 6 Fe'*^, and 
7 SOr ions for 14 on the left, and 
9 SOr ions foi 6 Fe+++, 3 SOr ions for 
2C'i+^+, and (2Na+4-SOr) on the right 
wo show all the ions as complete sets. 

f)n'Vr+4-SOr)4-f2 Na+4-CrA=) 

4-7f2 rr' 4-SOr) — >- 3(2 I<’e'-++-|-3 SOr) 

4-(2 Ci+i + 4-3 SOr)4-(2 Na+ 4 -S 04 =) 

4-7 ir-o 

Tho icquuemcnt of 14 ions on the 
left-hand side of this equation explains why 
the reaction must be carried out in an acid 
solution As a matter of fact, CraO?” ion 
exists only m acid solution, 

7. Oxidafion m an Alkaline Solution 

The hydroxide oi chromium, when the 
valence nurabei ol chromium is 4-3, is 
(’i(OH)i This hydroxide leacts as an acid 
(HiC’iOj — HoO = liOiOo) with sodium hy- 
dioxido and foims sodium chiomito, NaCiOa 
This substance is oxidized by sodium hypo- 
chloiite, NaClO, to sodium chromate, 
NanCiOi, but only m an allcahne solution 
The hypochloiite ion, CIO”, is reduced at 
the .same tune to Cl” ion Fiee chlorine 
should not be expected as the pioduct of 
tlio loaction (pagc3.G7), because chloi me re- 
acts with hydroxyl ion to foim Cl” and CIO” 

lOllS 

CrOr -t- CIO- — y Cr 04 = 4- 4-Cl- 

Vidcnce mim- 
b(‘i pel 

atom 4-3 4-1 4-6 —1 

Change in 
valence 
munhoi pm 

alum 4-3 —2 

Vloms ic- 
quiiod k) 


lialaucc 2 3 


2 Cl or 4 - 3 CIO- — 

2 OrOr 4- 3 Cl- 

Eilectiical (2 X —1) 4- 

(2 X -2) 4- 

chaigeb (3 X —1) = — 5 

(3 X -1) =-7 

Negative 


chaigps 


to be 


added 2 
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The negative chaiges requiiod on the left 
iiic supplied by adding 2 OH~ ions 

2 Cr02~ + 3 ('10- + 2 OH" — ^ 

2 (’lor + 3 cr + HaO 
or, 2 (Na+C'iOj-) + 3 (Na+ + CIO') 

+ 2 (Na+ + on-) — ^ 2 (2 Na+ + GrOr) 
+ 3 (Na+ + cr) + H2O 

8 A Reaction m which the Same Element is both 

Oxidized and Reduced 
When it rcaots with hydroxyl ion, chloiino 
is 1 educed to clilondc 1011, Cl", and it is also 
oxidized to hypocliloiite ion, 010“, in which 
its valence numbei is +1 Howevei, we 
shall considei a somewhat moie complicated 
example of a similai change, namely the 
conveihion of sodium hypochloiitc, when it 
IS heated, into sodium chloiide and sodium 
chlorate Let us oonsidei only the 10ns con- 
taining chlorine 

CIO- — 5^ ClOr + ci- 
Valenoe number -hi +5-1 

Changes m CIO" — >- ClOj”, +4 

valence numbei CIO" — y Cr, “2 

The loss and the gam in valence number 
are equalized only when 2 CIO" ions are le- 
ducod to Cr, and hence it is evident that 
foi each CIQ- ion convcited into C'lO^- two 
CIQ- 10ns must be converted into Cr ions 
Hence, 

3C10-— +cior + 2 cr 

or, 3 (Nat- + CIQ-) — + 

(Na-t- + CIO3-) + 2 (Na-<- + Cl") 

9 The Ion-Electron Method of Balancing Equa- 

tions for Oxidation-Reduction Reactions 
This method ol balancing equations gives 
the same icsulL as the method aheady dp- 
xciibcd and is preleired bv some It de- 
pends essentially upon the detcimiinition of 
the numbei of electvonh transferred fiom the 
u'ducing agent to the oxidizing agent in the 
leaction h'o illustuite this method let us 
considei the leaction (page 359) of dichio- 
mate ion with iciious lou 


Let us look sepal atcly at the oxidation and 

1 eduction The 1 eduction is shown by 
CiaO?” — >- 2 Cl and the oxidation by 
Pg-H- — Now when 01267“ is re- 
duced, l-i H"'' must be added to leaot with 
the 7 atoms of oxygen to foim water Ci207“ 
-b]4 H-^ — Cr-f-t^- -f 7 HjO The net 
charges aie +12 on the left and +6 on the 
light To balance these we must add 6 
electrons, indicated by 6 e, on the left 
Hence, for this portion of the equation we 
have 

Ci207= + M H-i' + 6 e 2 Ci^ + 7 H2O 

Now foi the other paiL of the equation 
one election must be added on the right to 
balance the chaiges 

Fe-t^- — y Fc"^ + 1 e 

The two portions of the equation now show 
that the fiist half munt obtain 6 elections 
fiom the second half, which as written gives 
up only one Therefore, the quantities in 
the second half must be multiplied by 6 . 

6 Fe"'"*' — + G Fe-+^ + 6 e 

If we now add the two halves of the equa- 
tion and cancel out 6 e, which occui on 
both sides, we obtain 

G Fe-^+ + Cr207“ + 14 H ^ — >- 

2 Ci'-H-i- + 6 + 7 H.O 

Let us balance by the same method the 
equation (page 359) foi the oxidation of 
C1O2- to CrOr by 010“ in the piesence of 
OH- 

Oxidahon Ci O2- — y CrO r 

Two oxygen atoms are icqiinod to foira 
CrOr, since CiOi- contains but two, and 

2 OH- will be lecpmed Lu piovule them 
However, we need some oxygen lelt ovei to 
form watei with the liydiogcn ot tire OH' 
10ns, hence we must use raoie than 2 Otr 
Thiee OH" ions will not do, because this 
would give thiee atoms of hydiogen and only 
one of oxygen Foui OH" ions must be 
used, because they will piovide oxygen 


Cr^Oy” + Fe-H- — + 2 Ci-H-t- + Fc+++ 
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atoms to change Ci 02 ~ to CrOr and also 
two to form wator with tho four atoms of 
hydrogen I-Ience, 

Ci02“ + 4 Oir — > (hor + 2 HsO + 3 fi 
Charges -5 -2 

Thiee electrons must h(' added on the light 
to balance the charges 

Reduction C10~ >- CI1~ 

The oxygen atom of the ( '10~ ion must bo 
taken caie of in some way, and tlu' only 
way in which this can ho done in an alkaline 
solution IS by means of a molecule of watoi 
with which it will foim 2()Ii“ ions Foi 
this half of the cciiiation we may wi itc 

CIO- + HjO + 2 c — ^C\~ + 2 OH- 

Two elections arc iciiiiited to balance the 
chaiges d'liis ludC of the eciu.dioii iciiuiies 
two clccliioiis and the first halt iirovides 
thiop Hence, to balance one hall against 
the othei, wo multiply the second half by 
three and the othei half by 2, add, and 
cancel out the elections 

2 Cio - + s oil- -> ( y ),- + 1 lijO + 0 c 

3CIO- + .1 IWj l- fl g -> .1 ( l^+ (Mill- 

2 CrOj- + 2 Oll-'-l- .1 CiU- -> 2 ( 1 ( 1 ,”+ i Or + 11.0 

OXIDIZING AND RCDUCING AGENTS 

10 The Relative Oxidizing and Reducing 

Powers of Different Substances 

On several occasions m eaily chapteis we 
have icfened to the diUereiit degiees of at- 
tiaction that atoms of dill ei cut elements 
have foi eleelioiis The huge' atoms of the 
alkali mi'tids lai'ge as eomjiaied to atoms 
of other elements m the same periods as 
themselves possess relatu’eh weak at- 
Iraction foi tlieii valence eh'Ctioii and, theie- 
torc, they aie i caddy converted into positive 
ions, le, they aie vciy active reducing 
agents Atoms of the halogens, on the 
othei hand, have stiong attuiefion for elec- 
trons, and ihciefoie, ad, mg as oxidizing 
agents, they lemove elections from othei 
atoms and become negative ions Since 
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oxidation and reduction involve losses of 
electrons by some atoms and acquisitions 
by others, it should be possible to arrange 
the elements m a table according to then 
lelative attraction foi electrons and, there- 
fore, according to their oxidizing and ic- 
ducing poweis Such a table can be deter- 
mmed by moie accurate methods, but at 
least a satisfactory compaiison can be made 
by determining other elements that each 
element will replace fiom their compounds 
Foi example, iron will replace coppei from a 
solution containing Cli++ ions, hence coppei 
must have moie atti action for electrons than 
non, because an atom of copper removes 
two elections in this reaction from each atom 
of iron. 

Fe + Cu-*-'- — s- Cli + Fe-H- 

Thcietoic, when coppei and non are listed 
in the oidei of their powers or strengths as 
loducmg agents, iron should be placed above 
copper, and when listed as oxidizing agents 
cupric ion comes before fenous ion 

Chloime leplaces iodine from solutions 
containing 1“ ions, hence chlorine atoms 
must pos,se,ss si rongei atti action lor electrons 
than iodine’ 

CI 2 + 2 1- — )- H + 2 (’1- 

Theiofoie, in a list of oxidizing agents chlo- 
line IS placed above iodine Of the two 10 ns 
01- and f-, the lattei is moie easily oxidized 
to the free element and theicfore is the 
stiongci ledcuing agent Sulfuuc acid will 
oxidize f- to I 2 , toi example, but it does not 
oxidize Cl- 

By simihu compaiisons, and by studying 
Die elteets ol different oxidizing agents upon 
the same icducing agents, wo can compile a 
h.st m which many sulistances, in addition to 
the metals, l,he non-metals, and then lous, 
arc arianged m the order ot then oxidizing 
and leducing poweis Table 18 includes 
many of the common oxidizing and reducing 
agents aiianged m this manner For the 
elements we can pi edict the oider on the 
basis ol the atomic radii ol then atoms, then 
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ionization potentials, and the number of 
electron^ in the outeimO',t shells of the ions 
(page 54, see also page 269) 

TABLE 18 

Some of the Common Oxidizing Agents Arranged 
m the Order of Their Strengths ' 


Fluorine 

Ozone 

Coboltic chloride, CoClj 
Hypochlorous acid, HCIO 
Potassium chlorate, KCIO 3 
Lead dioxide, PbOj 
Potassium permanganate, KMnOi 
Potassium dichromate, KjCr.iOv 
Nitric acid, concentrated 
Chlorine 

Sulfuric acid, concentrated and hot 
Oxygen 

Sodium lodate, NalOj 

Bromine 

Silver ion, Ag'*' 

Ferric choride, FeCh, and other ferric salts 

Iodine 

Sulfur 

Stannic chloride, SnCIi 


■* Tina hat is not (ompleto, noi aie the positions of the 
diffoient substances veiy definite t'hanRoa m toncen- 
tiation, temperature, and otliei conditions somelimea 
cause changes in the 1 dative oxidizing actions of differ- 
ent substances and, tlieiofoie, changes in the ordci of 
the positions in this list The concenti ,ition of acid 
tliat IS piescnt 111 a mixtuie in which the oxicli/ing 
agent leacts is toiy often an impoitaiit fartoi m de- 
tei mining the oxidizing btiength of a substance and, 
also, in deteimiiiing the extent to which the samo 
substance is lodured The effect of the aoid is paiticu- 
laily noticeable m the action of lead dioxide, nitiic 
acid, potassium permanganate, and potassium di- 
chromate 

1 1 Speed of Oxidation 
The speed with which one svilwtancc 
oxidizes anothei is no tuie measuie of tlic 
oxidizing power of that substance Speed 
depends upon many factuis (page 80) that 
do not entei into the deteimination of oxi- 
dizing power Chlonne, lot example, has 
greater oxidizing powei than iodine (page 
341), becau.se iodine oxidizes non only to 
Fe'*’*' ion, wheieas chlorine oxidizes it to 
Pg-H-f speed with which non is oxi- 

dized by iodine, liowcver, may be greater 
than tiuit of the action of chlorine upon non, 


1 e , moie iron may be oxidized in the same 
time by iodine, but it is not oxidized as lar 


Review Exercises 


1 Using the method illustiatcd on pages 358- 
360, balance the lollowing etiuations 

(I 811 + Cli — SnCh 
h H2H + O. — h-IIoO-hS, 
c AlCh + Na — h- NaC’l -f- A1 
d (Fe+''+ + 3 CU) + 11.8 — > 

(Fe++ + 2 C'U) + (H ' + C:i-) + S 
c "h -f- H)8 -h (2 lU -pHOU) — >- 

(2 K >- + 80 r ) + (M id + + SO r ) + H -h H^O 
f (2 K> + CieO -) -h (hU + C'li — 1- 
(k;+ + C 1 -) -I- (Cl I " + 3 Cl-) + ci. + 11,0 

2 III each ot tlie leactions ol (1) name the oxi- 
dizing agent and the 1 educing agent 

3 What weight of chlonne is leiiuned to hli- 
eiate 10 g ol lorline tiom sodium iodide'^ 


4 Chlonne can bo piodueed by the action ol 
liythogcn chlonde upon potassium pciman- 
ganatc What is the maximum quantity of 
chlonne that can be piodiiccd liom 13 g ol 
pota,s,sium permanganate by this leactioiU 

5 Til the following reactions what elements aie 
oxidizeri and what substances act as the 
oxidizing agents''' 

a Bn -I- H 2 O — >- (11+ -h Bi-) + HHrO 

b Clz-h (Ni++-f 2 Bi-) — y 

(Nii‘-b2Cl-) + Hi. 
c 2 (Fe+++ -b 3 C1-) -b 3 H.S — ^ 

2 FeS + S -b 0 (li+ + CF) 
d Zn-b2 (Na+-b OIU) — >- 

(2 Ua+ -b ZuOr) + lij 
e. 2 (H+ -b NO3-) + 6 (JT I + C1-) — >- 

3 Cl - + 2 NO + 4 11,0 

6 What changes m valence numheis oeciu in 
each ol tlie equations of (5") ^ 

7 What aie the valence nuinbois of the uudei- 
Imed elements 111 COi“ POi-, 8i()=, CrOr, 
NOr, HO,=, MOr, and ^lOT-'f ~ 

8 Balance the following equations by any ot 
the methods discussed in Lhis duiptei 

a (K' + MiiOr) -b 80- +11,0 y (2 11+ 

+ 80 r) + (iMri+ 1- + 80 r) + (2 K+ + 

sor) 

6 CuO + NI-Is , — 1- Cu + N2 + HaO 
6 (Fe' + + mr) + (ii+ + NOr) + (2 H" 

+ SOr) — >- (2 Fc+*-+ + 3 80 r) + N+Oa 

+ JfiO 








THE OXYGEN COMPOUNDS 
OF THE HALOGENS 

Chlorine, though formerly called an acid, possesses 
no acid pioperlies Its strong affinity for the metals 
IS sujfiaent proof that it is not an acid, for chemists 
are not acquainted with any instance of direct 
combination between an acid and a metal 

turner, ^‘the nature of chlorine,’’ 1828 


1 . Introduction 

Oxygen compounds of all four halogens 
are known In addition to then oxides 
chloime, bromine, iodine, and possibly 
fluoune foim oxygen acids, such as HClOa, 
at least in aqueous solution, and salts of these 
acids, e g , KCIO3 Some of the salts are 
impoitant substances, but the oxides aie of 
little importance 

The oxides of chlorine aie CI2O, ChOb, 
CIO2, and CI2O7, of biomine, BraO, BuOs, 
and B1O2, of iodine, I2O4, I4O0, and LOe, 
and foi fluorine, two oxygen compounds 


have been prepared, F20 and F 2 O 2 The 
oxygen acids of the halogens and their an- 
hydiides, some of which aie only hypotheti- 
cal substances, aie listed in Table 19 

PREPARATION AND PROPERTIES OF THE 
OXIDES OF CHLORINE 

2. Chlorine Monoxide (CI 2 O) 

Cliloime monoxide is a yellow gas, which ex- 
plodes violently, condenses to a hquid at about 
4°, and leacts with watei to foim hypochlorous 
acid It can be piepaied by distilling a solution 


TABLE 19 

The Oxygen Acids of the Halogens * 


Anhydride 

Name 

Formula 

Name 

a,o 

Chlorine monoxide 

HCIO 

Hypochlorous acid 

(CbOd 

Chlorine trioxide 

HCIO2 

Chlorous acid 

(CliOt) 

Chlorine pentoxide 

HCIO3 

Chloric acid 

CUO7 

Chlorine heptoxide 

HCIO4 

Perchloric acid 

Br ,0 

Bromine monoxide 

HBrO 

Hypobromous acid 

(BrjOs) 

Bromine pentoxide 

HBrOj 

Bromic acid 

(bO) 

Iodine monoxide 

HIO 

Hypoiodous acid 

I2O5 

Iodine pentoxide 

HIO3 

Iodic acid 

(I2O7) 

Iodine heptoxide 

/HIOi 

IHsIOb 

Periodic acid 

Periodic acid 


Fluorine monoxide 



F2O 

or 

(HFO«) 

Hypofluorous acid 


Oxygen fluoride 




* The compounds enclosed in parentheses are hypothetical only, or they aie so unstable that they exist only 
momentarily as intermediate steps in the formation or decomposition of other compounds. 
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of hypocliloious acid (HCIO) undei reduced chloiic acid (HCIO4) and can be prepaied by le- 
picssuie, 01 by pahsmg cliloiiiic ovei meicuiic moving the water from this acid by means of 
oxide phosphorus pentoxide flbOio) 

2 CI2 + 2 llg( ) — ^ HgsOCdi + C’l .( ) 4 HC10,i + PiOio — h 4 HPOj + 2 CI,0, 


A poitioii of the eldoiiiie is oxidized m this le- 
aotion to a positive valence of 1 111 t’ljO, and a 
portion IS reduced to a negative valence of 1 in 

HgjOCla 

3. Chlorine Dioxide (CIO 2 ) 

Chloiino flioxido is a yellow gas, winch decom- 
poses explosively into chlorine and oxygen, con- 
denses to a liriuid at about 10°, and leacts 
with water to give both dilorons and chloric acids 

2 CIO. + IIA) — IICIO 2 -t- lIClOj 

This behaiioi uidioatc's that chlorine dioxide is a 
mixed anhydiido, it acts as il it consists of both 
CI2O3 and CT.Oii 

ClsOaP (T.Or , — >-4 0102 

It is piniluccd liy the action of ( hloiino upon diy 
sodium olilmite, NnCTO.j 

NaClOi -H 01 , — >- 2 NaOl -|- 2 OK).., 

Whenever a ohloiate is tieated with a stiong acid, 
such as sulfuric, chloiic acid is lilieiaicd and then 
quickly decomposes 

2 KCIO3 4- H3.SO, — >- 2 IlOlO, -t- K.SO, 

SJICTOj — >-II(TO,-t- 2OIO2 + II2O 

The chloiine dioxide then decomposes, explo- 
sively if the mixture is slightly waimed 

2 0102 >- 01 . 4-2 02 

Because of the vuiIgiicc attending this leaction, 
it is veiy dnngeums to add sulfinic acid, 01 any 
other strong ncid, to a solid cbloiatc 01 any 
material likely to contain a chloiato Oliloiine 
dioxide, gie.itiy diluted lutli an, is now used ns a 
bleaching agent foi floiii and ceitaiii fabiics 

4. Chlorine Heptoxide (CLO?) 

Cliloiine heptoxide is a coloiloss, oily liquid 
which explodes violently when heated or when 
jiined loiigldy II is moie slalde than tlie olhei 
oxides ol cliloimc and at low temperatmes can 
bo biought into contact with easily oxidizable 
mateiials, such as phosiihoins, without immediate 
reactions occuiiing. It is the anhydride of pei- 


THE OXYGEN ACIDS OF CHLORINE 
AND THEIR SALTS 

5 Hypochlorous Acids and the Hypochlorites 
In discussing the properties of chlorine 
(page 334) we have alicady learned that the 
element leacts with water to form both 
hydi’oehloiic and hypochlorous acids 

(T 2 4- H 2 O — >- (I-I+ 4- CT-) 4- HCIO 

This icaction is levei&ible, hence, the hy- 
diochloiic acid must be removed without 
affecting the hypochlorous acid if the lattei 
lb to bo pioduced m any considerable quan- 
tity This may be done by adding powdered 
limestone, 01 calcium cai donate, with which 
the hydrogen chloiide icacts leadily, to 
the watci into which the chloiino is passed 
Hydiochloric acid leacts with calcium car- 
bonate (page 301), but hypochlorous acid, 
which IS very weak, does not If the solu- 
tion icsuhmg from this treatment i,s dis- 
tilled, a dilute solution of hypochloious acid 
IS obtained as the distillate It may also be 
picpared, in a similai state, by distilling a 
mixtuie containing dilute sulluiic acid, 
sodium chloride, and sodium hypochloiite 
In the dilute acid solution, sodium hypo- 
chloute is conveitcd into the weak acid, 
HCIO, and NaHSOi. 

(Na+ 4- CIO') 4- (2 H+ 4- SOr) ^ 

(Na+ -b HSOr) -h HCIO 

while the sodium diloiide is nol, aflecLed 
Puie, diy hypochloious acid has not been 
prepared, owing to its extremely unstable 
natuie The acid is known only in solution 

Till' mixtuic of sodium chloude and 
sodium hyiiuchlorito which is mentioned in 
the paiagiaph above can be prepaied by 
passing chloune into a cold solution of 
sodium hydroxide We may think of the 
reaction as proceeding, hist, as indicated 
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above for chlorine and water, and secondly, 
as a leaction m which the base neutralizes 
the two acids 


In the piesence of substances winch aie readily 
oxidized, hypoehlorous acid leacts as follows 


rrnui . 


. wr'i i_ I'm 


Ch+HaO 



HCIO 


+ 


jNa++OH- 

|Na++OH- 


(Na++Cl- 
; Na^ +C10- 


J+2 HjO 


These equations may be combined as follows 


CI2 + 2 (Na++OH-)— v 
(Na+ + Cir) + (Na+ + CIO') + H >0 


The neutralization of the acids causes the 
reaction between chloiine and water to lun 
almost completely to the light, and all of 
the chloiine may be consumed if sufficient 
sodium hydi oxide is added 
The solution that contains sodium ohloiide 
and sodium hypochlorite is called Javelk 
water When a solution containing a small 
concentration of hydrogen ion — a dilute 
solution of a strong acid or a more concen- 
trated solution of a weak acid — is added to 
this solution, hypochloious acid is libciated 
again 

(Na+ + CIO-) + (H+ + HSOr) ^ 

(Na+ + HSOr) + HCIO 


Since hydrochloiic acid exists in solution 
almost cntiiely as ions, the hydiogen ions 
that are added do not combine with chloride 
10ns to form molecules of HC'l On the 
othei hand, hypochloious acid — a weak 
acid- — exists largely as molecules ot HCIO; 
it docs not form many 10ns Hence, when 
hydiogen and hypochlorite 10ns, CIO", aie 
bi ought together in the same solution, they 
combine to foira molecules ot the acid IE a 
more concentiatod solution of a stiong acid 
is added — supplying a laige nuinbei of 
hydiogen ions — the 10ns of hydrochloiic 
acid and molecules of hypochloious acid 
react to foim chlorine and watei This le- 
action ifa the levcise of the one between 
chloiine and water To show that the reac- 
tion is reveihible, we can wiite it, using two 
allows, as follows, 

(H+ + C 1 -) + HCIO CU -t- H2O 


The oxygen is libeiated in the atomic foim, winch 
IS sometimes called the nascent state — the state 
of “being bom ” This oxygen is a much more 
vigoiouvs oxidizing agent than oidmaiy gaseous 
oxygen foi two leasons ( 1 ) Tlie dissociation ot 
the oxygen molecule (O2) is an endotheinuo le- 
action lequiimg eneigy to bung it about, wlieieas 
nascent oxygen is alieady in the dissociated state, 
(2) the decomposition of hypochloious acid, 
which pioduces nascent oxygen, is exothermic 
and hence, instead of requiiing oneigy, actually 
hbeiates energy which may be instiumental in 
piomotmg the oxidizing action of the oxygen 
which is liberated Tlie bleaching action of 
chloune and tlio fact that watci is lequiicd for 
tins bleaclnng action ate explained by this reac- 
tion When hypochloious acid decomposes m the 
sunliglit and 111 the absence of oxidizablo mate- 
iialh, ordmaiy gaseous oxygen (O2) is pioduced, 
01 the acid may decompose to soiiie extent to 
foim chloiine monoxide 

When solutions containing liypochlorous acid 
01 a hypochloiite, such as NaClO, aic heated, 
chloiic acid 01 a chlointe is produced 

3 HCIO — p- HCIO3 -f 2 HCl 
3 (Na' -h 010 ') — >- 

(Na++ GlOr) + 2 (Na+ + Cl') 

01, 3 CIO- — 1- CIO- - 1-2 01 - 

A poitiou of the chloime is reduced to a negative 
valence number of 1 , Cl', and a poi tioii is oxidized 
to a positive valence nunibei of 5 , ClOj^ I’otas- 
siuiu chloiate can lie pioiluced 111 the same iiiannei 
as sodium chloiate il potassium liydioxide is 
•substituted ioi sodium hydi oxide in neutralizing 
the acids foimed when chloune and watei leact 

A solution containing sodium cliloiide 
and sodium liypochloiito may bo piopaiod, 
also, by electiolyzmg a solution of sodium 
chloiide under conditions which allow the 
chloune that is libciatcd at the anode to 
leact with the sodium hydroxide that col- 
lects ai ound the cathode Affiis is the oppo- 
site of the condition which we stiive to ob- 
tain when wo wish t,o piepaie chloune and 
pme sodium hydroxide by the same piocess 
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Wlien the chlorine is allowed to react with 
sodium hydioxide, the reactions aie the 
same as when chlorine is bubbled through a 
solution of sodium hydroxide Mixing is 
seemed by using a stiiier in the solution 
during eloctiolysiH. Low tcmpciatures aie 
used to pi event the foimation of chloiates. 

6. Uses of Sodium Hypochlorite 
Sodium hypochlorite, usually as a solution 
containing sodium chloiide, has several uses 
It is employed extensively to remove (by 
oxidation) the ill-smelhng compounds of 
sulfur which are often found m gasoline and 
keiosene It is used still more extensively 
in the bleaching of certain kinds of cloth 
The bleaching process is shown in Figiiie 177 
The cloth which is to bo bleached is hrst 
passed over rollers and through a solution of 
sodium hycli oxide oi lime water (calcium 
hydroxide) The cloth then passes continu- 
ously into a tank containing a dilute solution 
of an acid, which neutralizes the excess of 
the base, and next into a solution of sodium 
liypochloiitc or a suspension of “bleaching 
powdci” which IS, m pait (page 368), cal- 
cium hypochloiite The cloth is next 
tieated with an acid again, this time to 
leact with the liypochloiitc and to liberate 
hypochloroLis acid, which is the substance 
lesponsiblc for the bleaching action The 
excess of chloiine and hypochlorous acid 
must be icmoved to prevent them from 
weakening the cloth, which, theiefoio, is 
passed through a tank containing an “an- 
tichlor ” A solution of sodium thiosulfate is 


often used foi this purpose This step con- 
verts the chlorine into sodium chloiide 
The cloth is then washed m watoi and 
passed through a drying chamber in which 
heated air is circulated Javelle water is 
used in some laundries to bleach discolora- 
tions that are not removed by the usual 
procedure Certain kinds of cloth, such as 
cotton, are not much affected by the hypo- 
chloiitc and may be washed in a solution 
containing a moderate amount of this sub- 
stance without any appreciable injuiy to the 
labile Wool and silk aie rapidly weakened 
and soon destroyed by the same solution 
Small containers of a solution of sodium 
hypochlorite and sodium chloiide are sold 
under trade names for use in laundry work 
in the home The Javelle water which they 
contain is usually piepaied by the elec- 
tiolysis of a sodium chloride solution It 
should not be used m laundeiing wool and 
silk fabrics 

Solutions of hypochloutcs, usually a solu- 
tion of sodium chloride and sodium hypochlo- 
rite, are sold undei vaiious names as antisep- 
tics If freshly prepared, or if the hypochlo- 
rite is stabilized m some inannei, they are 
among the best of the substances used for this 
purpose Because it is important that they 
contain no injurious mgicdicnts, such as 
sodium hydroxide, they must be carefully 
piepaied The well-known Cariel-Dakin 
solution, an antiseptic of this kind, was 
introduced and widely adopted during the 
first World War m treating wounds It 
pioved decidedly moie effective than foimei 



Figure 177 The Bleaching of Cloth byMeons of o Solution of 
Sodium Hypochlorite or Bleaching Powder 
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Figure 176 Bleaching Cloth 

Pure white fabric emerges from the final washing operotion at the end of a 
continuous bleaching process 


methods of treatment and was the means of 
saving the lives of many men who otheiwise 
would have died fiom the results of infection 

7. Bleaching Powder 

When chlorine is passed over slightly moist 
calcium hydroxide, a substance commonly 
called bleaching powder is produced When 
mixed with water, this substance produces 
a solution containing calcium, Ca^, chlo- 
iide, Cr, and hypochloiite ion, CIO" It is 
assigned, theietoic, the foimula CaCl (CIO) 

When bleaching powdei is mixed with 
water, and the mixtuie is acidified with a 
strong acid, such as sulfuiic, the ions of 
hydiochloiic acid and molecules of hypo- 
chloious acid aie produced in the solution 

(Ca^-t- + Cl- + CIO-) + (2 H+ + SO =) 

(H+ + C1-) + HCIO + CaS04 I 


The two acids then react to liberate chlorine 
(page 366) 

When it IS exposed to the an, bleaching 
powdei reacts with carbonic acid to liberate 
only hypochloious acid, the few hydrogen 
ions supplied by the weak carbonic acid aie 
used to form molecules of the weak acid 
HCIO, and the number lemainmg is too 
small to be considered, along with chloride 
ions, as hydrochloiic acid 

2 (Ca'-'- + cr + CIO-) + H.( k)3 — ^ 
CaCO^ I + (Ca+^- + 2 (’r) + 2 HCIO 

Javelle water can be produced by tieating 
a suspension of bleaching powdei in water 
with sodium caibonate' 

(Ca++ + cr + CIO-) + (2 Na+ + COr) — ^ 
CaCOa I + (Na+ + Cr) -f- (Na+ +C10-). 
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The calcium caibonate is only slightly sol- 
uble and can lie removed by filtiation, leav- 
ing a faiily puie solution of the two sodium 
salts This icaction is sometimes used to 
produce the Javelle water used m laundries 
and as an antiseptic or disinfectant 

Bleaching powder is made from inexpen- 
sive raw materials, ih easily manufactured, 
can be tianaported leadily, and its chlorine 
can be libeiatcd easily whenever requiied 
It usually contains atiout 36 poi cent of 
available chloimo It must be tianspoited 
and stored in an -tight containers to pievent 
its reaction with the carbon dioxide and the 
moistuie of the an A product called high 
iesL hypocMottte, oi IT T II , that contains 
almost all of its chlorine in an available foim 
IS now used foi some puiposcs in iilace of 
oidmary bleaching powdei It is cssciitiallv 
calcium hypochlorite, C'a(fT()) 2 , but as it is 
usually sold it is mixed with slaked lime so 
that its available ehloiinc content is icduced 
to about (iO pei emit 

Bleaching powder is sometimes called 
"chloiidc of lime,” but this name cannot 
coiicctly be applied to this substance, which 
lb as much a hypochloiitc as it is a chloiide. 


8. Chlorous Acid and Its Salts 
Until lecently, chlontes have been of little 
importance Sodium chloiite, NaClOi, how- 
evei, IS now produced and used commer- 
cially in huge quantities as a bleaching agent 
for certain kinds ol cotton cloth, layon, and 
otlici fabiics that arc weakened mateiially 
when they aie hhuiched by a hypochloiite 
Sodium clilorite is produced commercially 
by a scries ol rather comiihcated reactions 
that we shall not attempt to desciibc in lull 
Cliloiine dioxide is fust pioduced by a leac- 
tion between calcium cliloiate and hydio- 
chloiic acid The dioxide then leacts with 
sodium hydi oxide, calcium hydi oxide, and 
caibon The two pioducts arc calcium cai- 
bonate, which precipitates, and sodium 
chlorite, which is lecovered by evaporation 
and ciystallization 


The acid exists only m solution Chlorine 
dioxide reacts with watei to form both 
cliloious and chloric acids (page 365) If 
sodium hydi oxide is added to the solution, 
and the solution is evapoiated, a mixture of 
sodium chlorate and sodium chloiite is ob- 
tained 


HClOj 

HClOa 


-b 2 (Na+ -b Ol-r) ■ 


Na+ -b ClOr 


Na+ -b CIO; 


■- + 2 HjO 


9. Chloric Acid and Its Salts 

C’hloiic acid is pioduced, in the foim of a 
dilute solution, when a solution of barium 
chlorate is treated with sulfuric acid 

+ 2 CIO3-) + (2 H+ -b SOr) 

BaSOi I + 2 HCIO 3 


The quantity of sulfuiic acid added is the 
exact amount reciuircd to react with the 
quantity of baiium chlorate picsent If this 
pioccduie is followed caiefully, the lesiilting 
solution will not contain any excess of sul- 
furic acid The baiium sulfate is only 
slightly soluble and can be lemoved by fil- 
tiation The dilute solution of chloric acid 
can he concentrated to 4d pei cent of HClOj 
if the solution is evapoixited at a lowei tem- 
peiatuie than 40° C This is possible if the 
solution is heated undei veiy low pressure 
01 IS placed m a vacuum desiccatoi ovei con- 
centrated sulfuric acid Chloric acid can 
also lie prepared by moderately heating a 
solution of hypochlorous acid (page 3G6) 
Chloric acid is a colorless liquid It is 
more stable than hypochlorous acid, but 
when it IS slightly heated it decomposes vio- 
lently to form chlorine dioxide It is conse- 
quently a very active oxidizing agent, but 
because oi its unstable character the pure 
acid cannot be prepared for such uses A 
piece of papei that is dipped into the 40 
per cent solution of chloiic acid ignites spon- 
taneously In an acidified solution ol a 
chlorate we may assume that chloric acid is 
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liberated tempoiaiily and serves as the 
oxidizing agent 

Potassium chlorate is the most important 
salt of the acid. It is prepaicd in seveial 
ways (1) It IS sometimes made by passing 
chlorine into a hot concentiated solution of 
potassium liydi oxide In accoi dance with 
the reactions already discussed (page 365) 
chloime leacts with water to form HCl and 
HCIO, these acids aie then ncutialized by 
the base to foim the salts KCl and KCIO 
The latter (KGIO) is converted into potas- 
sium chloiide and potassium chloiate at the 
elevated tcmpeiatuie of the solution 

3 (K+ + CIO-) ^ 

(K+ + c;ior) + 2 (K+ + cr). 

When the solution is paiLially evaporated 
and allowed to cool, crystals of potassium 
chloiate form and can be separated from the 
solution by filteimg oi by decantation (pour- 
ing off the deal solution from the crystals) 
Unless the evaporation is carried too fai, 
the potassium clilondc, which is moie soluble 
than the potassium chloiate, remains in the 
solution The potassium chlorate is purified 
by recrystallization (2) A more economical 
process foi making potassium chloiate staits 
with potassium chloiide, which is dissolved 
in water and electrolyzed '^l"he reactions 
that occur are the same as those in the proc- 
ess previously described, they arc made 
possible by allowing the potassium hydroxide 
and chlorine, which are the direct products 
ot the hist reaction, to mix The electrolysis 
IS earned out at about 90° and between inert 
electrodes which are placed iaiily close to- 
gethci so that the substances formed at the 
two elect! odes will have a better oppoi trinity 
to leact The solution, which contains po- 
tassium chlorate and potassium chloride, 
IS withdrawn from the cell when it contains 
,a few pel cent of potassium chlorate It is 
cooled to allow the potassium chlorate to 
crystallize, and the solution, which is sepa- 
rated from the crystals, is heated to the re- 
quiied tempeiatuic and returned to the cell 
There is consequently no loss in the process 


(3) Potassium chlorate is also prepared from 
calcium chloi ate The latter is hi st prepared 
by passing chlorine into a moderately hot 
suspension of calcium hydroxide in water 

6 (Ca-^ + 2 OH") + 6 Cb — y 

(Ca+++ 2 CIO3-) + 5 (Ca-<-^+ 2 Cl-)+6 H2O 

Potassium clilondc is then added and reacts 
with the calcium chloiate to form calcium 
chloride and potassium chloiate; the latter, 
which IS only slightly soluble, is recovered by 
crystallization, and the calcium chloride, 
which IS very soluble, remains m the solu- 
tion The calcium chloride has little value 
and cannot be retuinod to the piocess to be 
used again, hence, all the chlorine of the po- 
tassium chloride and five sixths of that added 
as tree chlorine is wasted 

Potassium chlorate is a white crystalline 
substance containing no “water of crystal- 
lization ” It IS sufficiently stable so that it 
docs not decompose spontaneously at ordi- 
nary temperatures, but if it is mixed with 
any easily oxidized substance, such as char- 
coal dust, and ground to a powder in a 
mortar, it may explode violently It is con- 
sequently a vigorous oxidizing agent in the 
dry state, when melted, and m solution A 
splintei of wood or a bit of sawdust chopped 
into melted potassium chloiate burns very 
vigorously When it is heated at moderate 
temperatures, slightly above its melting 
point, potassium chlorate decomposes into 
potassium chloride and oxygen 

2 KCIO3 2 KCl -1- 3 O2 

This decomposition is strongly catalyzed by 
manganese dioxide If it is licatcd at lower 
tempeiatuics and if the evolution oi oxygen 
IS avoided, potassium chlorate may be 
changed into potassium perchlorate 

4 KClOs 3 KCIO4 + KCl 

At moderate temperatures, both of these re- 
actions proceed simultaneously and inde- 
pendently 

Potassium chlorate is used in the manufac- 
tuic of matches and fireworks Explosive 
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mixtures of the chlorate with easily oxidized 
substances, such as charcoal, sugai, oi sulfur, 
may be prepaied but are of little practical 
value because they are extremely unsafe, 
even as explosives Cheddite is one explosive, 
however, which contains potassium chloiate 
In chemical manufacturing, potassium chlo- 
rate is used as an oxidizing agent A solu- 
tion of potassium chlorate is sometimes used 
in tieatmg throat mfccl.ions, and it has been 
used in some kinds of tooth paste Its use 
as a laboratory source of oxygon has already 
been discussed (page 67) 

1 0. Perchloric Acid and the Perchlorates 
The anhydride of pei chloric acid (HCIO4) 
is CI2O7 A solution of the acid may be 
prepared by treating barium peicliloiate 
with sulfuiic acid and hlteiing o(C the insol- 
uble bai iura sulfate 1 1 may also be prepai ed 
from othoi peichlorates and by the action of 
certain othei acids If hydrogen chloride is 
passed thiough a solution that is saturated 
with sodium pei chlorate, sodium chloiide is 
precipitated and a solution of pcichloiic acid 
is formed 

(Ba^^ + 2 ClOr) + (2 H+ + SOr) — 

BaSO, ^ + 2 (H+ -t- ClOr) 
(Na+ -h ClOr) + (H-' + C1-) — 

NaCl 4- + (H+ -k ClOr) 

Chloric acid, when heated, foims peichloiic 
acid, chloiine dioxide, and water 

3 HCIO3 ^ HClOi -k 2 CIO2 + H2O 
From any of these solutions pci chloric acid 
may be obtained, in the form of a more con- 
centrated solution, by evaporation under 
reduced prcssuic Even the anhydious acid 
may be prepared, since it is fanly stable at 
temperatuies below 90° The acid may be 
distilled at 40°, undei a piessuie of about 55 
mm , without any decomposition The pure 
acid decomposes explosively when heated 
very strongly and sometimes explodes spon- 
taneously in storage For this leasoii it is 
usually supplied and used as a 60 01 70 per 
cent solution It is a strong oxidizing agbnt 
as shown by the immediate ignition of wood 
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or paper with which it comes in contact It 
IS less Vigorous, howevei, in its oxidizing 
action than chloric acid It does not oxidize 
hydrogen chloride in a cold solution, and it 
does not affect many other substances that 
aie Vigorously attacked by chloiic acid In 
addition to the anhydious acid, peichloiic 
acid IS known as two hydiates called ox- 
omum and dioxomum pcrchloiate, OH'jClO^ 
and O 2 H 6 CIO 4 , still other less well-known and 
less important hydrates also exist 
Perchloiic acid, in 60 per cent solution, is 
used in analytical piocedurcs to detect and 
also to determine the quantity of potassium 
in samples of materials that contain this ele- 
ment This use of peichloiic acid is based 
upon the slight solubility of potassium per- 
chloiatc, as compared with the solubilities 
of other pei chloi ales and other potassium 
salts Pci chloric acid is one of the strongest 
of all acids, comparing favoiably m this 
respect with hydiochloiic and nitric acids 
Potassium pci chloi ate is the most im- 
portant of the salts of perchloric acid It is 
prepared by carelully heating potassium 
chloiate (page 370) It may also be pie- 
paied by the clectiolysis of a solution of 
potassium chloride If the solution is mod- 
ciately heated, potassium chlorate is formed, 
and if electrolysis is allowed to proceed for 
a longei period of time, the chloiate is oxi- 
dized to the pei chloi ate When heated 

strongly, potassium perchlorate acts simi- 
laily to the chloiate 

KC104—^KC1 4-2 02 

The peichloiates aie active oxidizing agents 
but aie considerably less vigorous 111 then 
action than the chlorates Potassium per- 
chlorate IS used in the manufactuie of 
matches, hieworks, and explosives An- 
hydrous barium perchlorate and magnesium 
pel chlorate aie excellent dehydrating agents 
and aie supplied, usually as a mixture of the 
two salts, foi this use 

1 1. Oxygen Acids of Bromine and Their Salts 
Two oxygen acids of bromine and their salts 
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are fairly familiar substanceb These aie liypo- 
bromous acid (HBiO) and bioinic acid (HBiOj) 
Aqueous solutions of these acids and then sodium 
or potassium salts are prepaied in the same way 
as the coriesponding compounds of chloime 
Bromine shows less tendency than chloiine to 
react with water, but in the piesence of a base 
the reaction is almost complete 

Brj + 2 (Na+ + OH") — 

(Na+ + Bi-) + (Na+ + BrO-) + HjO 

The acids cannot be piepaied in the pine states 
because of tlicii instability Bromic acid may be 
prepaied in solution by the action of stiong 
oxidizing agents, such as hypochloious or chloiic 
acids, upon bromine The properties ot the acids 
and then salts are similai to those of the corre- 
sponding compounds of clilmine They aie not 
much used, howevei, because of the lelatively 
slight availability of bromine as compared with 
chloime 

12 Oxygen Acids of Iodine and Their Salts 

Although iodine reacts only slightly with watei, 
the reaction is almost complete m the piesence 
of sodium or potassium hydroxide Sodium 
hypoiodite is first formed, but in a warm solution 
is quickly converted into the lodate The re- 
actions are of the same cliaiacter as those which 
involve chlorine Iodic acid can be piepaied by 
treating iodine, suspended in watei, with chloime. 
The lattei leacts with the watei to form hypo- 
chloioiis acid, which then oxidizes lodme to 
iodic acid 

5 IICIO + HjO -f h — 2 HlOa -I- 5 (H+ -h Cl") 

Nituc acid also oxidizes iodine to iodic acid If 
the solution lesultmg from the oxidation of 
lodme IS evapoiated, crystals of lochc acid sepa- 
rate The ciystals of the acid are stable at 
ordinaiy temperatuies If heated to 175° —200°, 
water is expelled and the anhydiirle (I^Os) is left 
In aqueous solution iodic acid is a somewhat less 
active oxidizing agent than chloiic and bromic 
acids 

Sodium lodate is the most impoitant salt of 
iodic acid It IS found in the deposits of sodium 
nitrate in South America (page 340). It may be 
prepaied by the action of sodium chlorate upon 
lodme 

2 (Na+ -h ClOr) + h — ►2 (Na+ -t- IO 3 -) + Clj. 


The lodates and iodic acid have limited uses as 
leageiitb in the chemical laboratory, and tbe 
foimei have some slight use m medicine The 
anhydiide of iodic acid (I 2 O 6 ) is used in the 
detection of caibon monoxide 

Theie aie several acids to which the name 
periodic may be applied All of these may be 
considered as deiived fiom the anhydiide, I2O7, 
which the different acids combine with any 
number of molecules of water fiom one to seven 
The acid formed by the leaction ol I2O7 and 
seven molecules ol water coiiesponds to what 
might be called the hydi oxide, IfOH)? 

I20,4-7H20— ^2H7lO, 

This acid and its salts aie not known definitely 
to exist The best-lcnown salts are derivative.s ol 
HtlOe, 

I2O7 -|- 5 H2O — ^ 2 ITfilOfi 

and metapeuodic acid, 

I2O, + I-I2O — >- 2 HIO4 

Sodium penodate may be piepaied by the 
oxidation of sodium lodate in a hot alkaline solu- 
tion with ohloune It is also found with sodium 
lodate in the Chilean saltpeter deposits The 
free acid HelOj may be obtained as a white solid 
by ovapoiating a filteied solution m which sul- 
furic acid has been allowed to leact with liainim 
periodate In acid solutions, the periodates arc 
vigorous oxidizing agents 

13 Writing Equations Involving the Oxidation 
and Reduction of Oxygen-Halogen Com- 
pounds 

Some of the reactions which we have dis- 
cussed in this chapter are not particularly 
easy to balance and offer excellent material 
foi furthei practice in using the methods of 
balancing equations which weie hist intro- 
duced on page 356 We shall show how these 
methods aie applied to one of the leactions 
studied in the preceding paiagiaphs 

( 1 ) ’ HCIO3 — y.f HCIO4 - 1 - ? CIO2 -I- ? H2O. 

Valence number of chlorine 
in HClOa, 5 
in HCIO 4 , 7 
in CIO 2 , 4 

Each chlorine atom that goes into a molecule of 
perchloric acid must gain two units of positive 
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valence or lose two electrons Each chloiine 
atom converted into chloune-dioxide loses one 
unit of positive valence oi gams one election 
To balance the equation the numbci oi elections 
lost by some of the chloiine atoms must be equal 
to the miinbei gamed by otlieis, this means, of 
course, that a certain number of chloiine atoms 
must lose as much positive valence as a certain 
different number gams. Since each atom that 
gains elections gams only one, and since each 
atom that loses elections loses two, it is evident 
that the number of atoms gaining electrons must 
be twice as great as the numliei losing electrons 
Hence, foi each molecule of perchloric acid among 
the products of the reaction, theie must be two 
molecules of chloiine dioxide Thiec molecules 
of chloric acid aie lequned to supply these thiee 
atoms of chloiine 

3 liClO, — >- HClOi + 2 ClOi + lIjO. 

Review Exercises 

1 What aio the names of the following com- 
pounds? CaCh, Ca(C10)2, CaCClOJj, 
CaOCh, Ca(C 103 ) 2 , Ca(C10i)2 What is the 
valence nuinbei of ohloime m each of these? 

2 How does the stability of the oxygen-acids of 
ohloime, and then salts, vaiy with the 
amount of oxygen m the molecule'' 

3 Why IS it less expensive to pieiiaio iiotassium 
peiohloiatc by elcctiolyzmg a solution of 
potassium chloiicle, uiidei the pioiiei condi- 
tions, than it is to prepaie it by heating 
potassium chloi ate? 

4 What impurity would you expect to faiid in 
potassium chloiate piepaied by ti eating a 
warm solution of puic potassium hydi oxide 
with puie chlorine'' 

5. Explain how chloiine is liberated when 
bleaching powdci is ticatcd with a dilute 
solution of sulfuiic acid 

0 Wnte, c(|uations showing all the leai turns 
tliat oceui wlieii eoneeiitiated suiriiiie acid 
is (li lipped upon solid iiotassium chlorate 
Why is this loactioii not used as a means of 
producing chlorine'' (See page 365 ) 

7 Wiite a balanced equation to show the oxida- 
tion of hvdiogen chloi ide to free chloiine 
and vvatei by potassium chlorate Why is 
this leaction not used to pioduce chloiine'' 

8 Calculate the weights of puie potassium 
chlorate and potassium pei chloi ate which 


would be lequiied to pioduce 16 grams of 
oxygen when they are stiongly heated 
(sepaiately) 

9 If liquid chloiine costs five cents pei pound, 
and bleaching iiowdei (36 pei cent of avail- 
able chloiine) costs thieo cents pei pound, 
which IS the less expensive matoiial to use in 
pmifymg the water of a swimming poof' 

10 Write equations foi all of the reactions that 
occur when a hot solution of sodium hydroxide 
IS treated with bromine 

11 Wnte a balanced equation that shows the 
oxidation of iodine to iodic acid by nitric 
acid it the nitrogen appears at the end of the 
leaction as mtiic oxide (NO) 

12 Make a list of the oxygen-acids of the halo- 
gens, and then sodium salts State some of 
the uses of the acids oi then salts 

13 How would you piepaie the baiium chloiate 
which IS used in making a faiily puie solution 
of chkmo acid (page 3(i9)‘' 

14 Write a balanced etiuatioii to show the leac- 
tion of calcium hydroxide with ohloime if the 
pioducts ol the reaction aie water, calcium 
chloride, and calcium chlorate 

15 What aie some of the indications, as revealed 
by the propeities of then eompoimds, that 
chlo! me is moi e electi onogative — has gi eater 
atti action foi elections — than iodine? 

16 What IS the valence numbci of iodine in tlu' 
acid HIOs? Account foi the lact that the 
valence nuinbei of the lodate ladical lOs" is 
-1 

17 Solutions of hydi iodic acid become discoloied 
when they aie allowed to stand in the light 
Explain what happens 

18 Show by the method explained on page 372 
how the equation toi the oonveision of po- 
tassium chloiate to potassium pei chloiate is 
halaiiceil 

19 Wiilc the foimulas for potassium lodate, 
sodium bi ornate, calcium periodate, the au- 
hydiicle of pei chloi ic acid, and magnesium 
hypobiomite 

20, Wliat weight of potassium chloiate could be 
pioducecl by the action of an excess of chlo- 
rine upon one liter of 10 normal potassium 
bydioxide solution'’ Assume that the product 
recovered amounts to 90 per cent of the 
them etical yield 
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31, Hoif can potassium peicUoiale be obtained water, wbat was tbe peicentage of clilonc acid 

in a fairly pure condition from a mixture in tbe solution, assuming that all the clilorate 

which contains potassium perchloiate, potaS' ion was conveited into this acid! 

Slum chlorate, and potassium cliloridel 

33 How would you biing about the following n^fg^ences for Furlher Reading 


changes^ (1) NaCl — NaClO — ^ 

MlOj-^NaCl 

33 A compound contains 31 8 per cent of potas- 
sium, 39 2 per cent of oxygen, and 28 8 per 
cent of chlorine What is the formula of the 
compound! 

24 A sufficient quantity of sulfuric acid to leaot 
completely with 100 g of baiium chlorate was 
added to a solution containing the lattei The 
solution was then filtered, and the precipitate 
was washed and dried Assuming complete 
precipitation, what id the piecipitate weigh! 

25 If the filtrate (of 24) contained two liters of 


Calcium Hypochloiitc CIm aniMd Sni, 
36,295 (1838) 

Clilorates dm ml I'M 44, 303 (1937); 
45, 692 (1838), 47, 468 (1940) 

Chloiine Compounds Clim ani Md ki, 
33,274 (1926),/.e/«S(i,4, 596 (1927); 
32,283 (1945) 

Chloiites Ctouni W % , 47, 630 (1940), 
M fc, 34, 782 (1942) 



Sodium HypocUoiite hi ad Clim, 
15,845 (1923) 
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The potash began to fuse at both its points of 
electrization There was a violent effervescence at 
the upper surface, at the lower or negative surface, 
there was no liberation of elastic fluid, but small 
globules having a high metallic luster and being 
exactly similar in visible characters to qidclsilvei, 
appeared, some of which burnt with explosion and 
bright flame, us soon as tkei/ were formed, and others 
remained, and were merely tai nished, and finally 
covered hg a white film which formed on iheir 
surfaces 

DAVY, “the discovery OF POTASSIUM” 


1 Introduction 

Following oui sLucly of tho halogens as a 
family of non-inoiallie clGincnls wo take up 
next a family of the metals Wc select as 
the family to be stuchecl the elements of the 
A divibion ot gioup one of the periodic clas- 
sification lithium, sodium, potassium, luhi- 
dium, and cosiura Nurnbei 87, discoveied 
by Peicy in 1939 and now calk'd franemm 
(Fr), IS a incinbei of the family' I'he.se ele- 
ments aie usually (.ailed the alkali rnelals 
This family is selected as an intioduction to 
the study of the metals because its membeis 
display the chemical cliaiactoiisticsof metals, 
as opposed to non-metals, most jiioinmently 
We have select.ed this family ol mel.als, also, 
because maiiv ol the coiniiounds of two ot its 
membei.s (sodium and jiotussiuin) aie among 
the most famihin and iinpoitant of all sub- 
stances The compounds of lithium, lubid- 
uim, and cesium aie iclativelv unimportant 
Wc shall emphasize, theietoic, the piopei- 
tics and coin]Kmnds ot sodium and potassium 
as the pimcipal rcpicsontatives of the family 

2 General Properties of the Family 

The chaiacteiistic valence number of each 


clement of the alkali family is positive 1 
This valence (page 58) depends upon the 
picsenee of a single election in the outermost 
group of each kind of atom, this election is 
easily transferied to electronegative ele- 
ments, such as chlorine We find that the 
tendency to lose this election becomes 
greater as the atomic weight mci eases from 
lithium to cesium The electron m the 
cesium atom is faither lemoved fiom the 
nucleus of the atom than the electron in the 
atoms ot any othei element m the family 
In the lithium atom it is closei to the nucleus 
than in any of the others In its loactions 
ivith other substances cesium, theietoie, dis- 
plays strongei clectiopositivc chaiacteiTstics 
than the other membcis of flic laimly, because 
its atoms moie readily than atoms ol the 
othei elements lose then valence elections 
All of the alkali metals leact with water to 
form hydroxides and to liboiate hydiogcn, 
but cesium displays the greatest activity in 
this leaction This means, of course, that 
the atoms of this element can most easily 
tiansfer then valence clechions to atoms 
of hydiogen, thus i educing this element, 

2 Cs + 2 HOH — 2 (Cs+ + OH-) -h H,. 
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The leaetion of this metal, and also of po- 
tassium and lubidmm, with water liberates 
enough heat to cause the metal to igmte 
almost instantly 

Because of their pronounced electioposi- 
tive characteiistics, these elements ordi- 
narily form electiovalent (ionic) compounds 
Even the hy dudes, such as lithium hydiide 
(LiH), aie electrovalent in chaiactei as 
shown by the tendency of the metallic ion, 
dm mg the electrolysis of the compound, to 
move toward the cathode Consequently, 
hydiogen must have a negative valence 
numbei of 1 m these compounds Covalent 
compounds of the alkali metals aie unusual 
As furthei evidence of the relatively weak 
atti action these elements have for electrons, 
we find that all of them are excellent con- 
ductors of elect! icity This means that 
their valence electrons aie loosely bound to 
then atoms and aie moie or less free to 
move fiom atom to atom undei the influence 
of a diffeience in electrical potential (voltage). 

The contiast between cesnun, as. the most 
active metal, and fluonne, as the most active 
non-metal, is gieatei than the contrast between 
any other pan of elements m the periodic classi- 
fication Thus, fluonne is the most vigoious 
oxidizing agent, and cesium is the most active 
1 educing agent Fluorine is the most difficult 
of all the elements to oxidize, m fact, it cannot 
lie oxidized by any other element Cesium stand- 
ing at the top of the electi ochemical series is very 
easily oxidized to cesium ion, Cb+, which, m turn, 
IS difficult to reduce The fluorine atom attracts 
electrons moie stiongly than any othei atom, 


cesium displays the weakest attraction, if we 
disregaid the inert elements To sum up these 
differences, we may say that fluonne atoms 
have the strongest tendency to acquire elec- 
trons and become negative ions, while cesium 
atoms most easily lose elections and become 
positive ions 

All of the alkali metals are white and have 
a brilliant lustei They are so soft that they 
can be cut easily with a knile Because ol 
their activity, they are nevei found natu- 
lally in the free state When prepared they 
must be stored undei oil oi in sealed i ubes 
In the air they leact not only with oxygen 
but with water and carbon dioxide The 
student who hrst examines these elements in 
a casual manner is not likely, perhaps, to 
associate them with elements that he knows 
to be metals We usually think of metals 
as durable and strong substances that can 
be used to make tools or build moi e or less 
permanent stiuctures. The alkali metals ai c 
not duiable and they lack strength; but, 
judging them from their chemical behavior, 
they aic more typically metallic in character 
than lion, copper, lead, gold, tin, nickel, 
and aluminum This means, for example, 
that then oxides ai e the anhydrides of strong 
ba.se&, that their hydroxides show no tend- 
ency (oi at least almost no tendency) to 
react as acids (HNaO, etc ), and that their 
most lamiliai and characteiistic compounds 
are substances m which the metals act always 
as positively charged ions (Na+Cl", K+NOa", 
IA+C1“, etc ) Contrast with this behavior, 


TABLE 20 

Properties of the Alkali Metals 


Metal 

Electron 

Groups 

Atomic 

Number 

Atomic 

Weight 

Specific 

Gravity 

Melting 

Point 

Boiling 

Point 

Specific 

Heat 

Lithium 

2-1 

3 

6 94 

0 53 

186° 

1200° 

0 837 

Sodium 

2-8-1 

11 

22 997 

0.97 

98° 

880° 

0 297 

Potassium 

2-8-8-1 

19 

39 096 

0 86 

62° 

760° 

0 192 

Rubidium 

2-8-1 8-8-1 

37 

85 44 

1 53 

38 5° 

700° 

0 079 

Cesium 

2-8-18-1 8-8-1 

55 

13281 

1 9 

26° 

670° 

0 048 


• j-iie xuKUliu L'nauKOis lu ine pii\'a 
turn are deailv 'ihowii ui this table 
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that of chlorine, whose oxides are the an- 
hydiides of acids, whose hydroxide acts only 
as an acid (ClOH — >-HC10), and which 
acts usually as a negative ion (Na+Cl") or as 
an element in a negative ladical (K+ClOa”) 

SODIUM AND ITS COMPOUNDS 

3. History 

Metallic sodium and potassium weie first 
piepared by Sii Humphry Davy in 1807 
Previous to this time, the substances that 
we now recognize as sodium and potassium 
hydroxides were regarded as elements and 
were called the "fixed alkalies ” Davy pre- 
pared the metals by electrolyzing the fused 
hydroxides He described the products as 
“inflammable substances veiy like metals ” 

4. Occurrence 

Although free sodium does not occur m 
natuie, several of its compounds aie faimliai 
and abundant substances The common 
source of sodium compounds, and of chlorine 
as well, is sodium chloride (salt) The oc- 
cuiience ol this substance is discussed m 
other sections (pages 327 and 379) Large 
amounts of sodium are also present m ceitam 
silicate rocks of the eai th, such as the sodium 
feldspar known as albite (NaAlSijOs) Dui- 
ing the weathering of these locks, sodium 
compounds are produced in the soil icsultmg 
from the decomposition of the rocks Plants 
growing upon this soil derive the sodium that 
they lequire fiom this source Since all of 
its common compounds are readily soluble 
in water, most of the sodium is leached out 
of the soil by water and finds its way even- 
tually into the sea Only in and regions of 
the earth, where there is little water to 
dissolve and carry away the sodium com- 
pounds, IS it possible for significant deposits 
of sodium salts to form Several deposits m 
desert or semi-desert regions are of great 
importance, not so much for the sodium that 
they contam, but for other constituents of 
the compounds found m the deposits. De- 
posits of sodium nitrate are found in Chile 


(page 340), sodium caibonate occurs nat- 
uially, as the mineral called tiona, in Egypt, 
California, and elsewheie, and boiax 
(NaaBiO?) IS found in the Deatfi Valley re- 
gion of southern C'ahfoinia 

5 . Preparation of Metallic Sodium 

Before the generation of the electrical cui- 
rent by means of the dynamo became a 
source of industiial energy, metallic sodium 
was pioduced by reducing sodium caibonate 
with iron This process was difficult and 
somewhat dangeious With the develop- 
ment of the dynamo, Davy’s original method 
of piepaimg sodium came to be the industrial 
process for pi oducing the metal 

Davy’s method of producing metallic so- 
dium by electiolyzmg melted sodium hy- 
droxide was widely used at one time, but all 
of the metal now made in Amciica is pro- 
duced by the electiolysis of fused sodium 
chloride The hydroxide is prefciable foi 
one reason, it melts at a temperature (318°) 
appioximately 500° below the melting point 
of the chloiide If the hydroxide is used, 
howcyei , it must first be prepared from the 
chloride, hence it is highly desirable to 
eliminate this step and prepare the metal 
diiectly from the chloiide The melting 
point of sodium chloiide is only 805°, and 
this teinpeiature is not sufficiently high to 
offei any seiious difficulty Since electroly- 
sis requiics the use of electrical energy, plants 
foi the production of metallic sodium usually 
aie located where water power foi the pio- 
duction of electi icity is available 

The electrolysis of fused sodium hydi oxide is 
earned out in the Castner cell (Figuie 17!)) 
The outside vessel is made of non. The heat le- 
quiied to melt the .sodium hydioxidc is produced 
by the resistance encountered by the electric 
curient, but an additional source of heat is pro- 
vided by gas burners. The sodium hydroxide 
in the lowest portion of the vessel remains solid 
and helps to support the cathode, which is an 
iron bar or a graphite rod The anode consists 
of seveial bars of iron, or an iron cylinder, sus- 
pended from the top of the cell. An iron cylinder, 
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Figure 179 The Costner Cell for the Production cf 
Metallic Sodium by the Electrolysis of Fused 
Sodium Hydroxide 

to wludi iH attached an non gaiize, sunouncls the 
upper end of the oatliocle and sepaiates. it fiom 
tlie anode bars The gauze tondsj to keep the 
pioducts ivliioh aie libciated at the two eleettodes 
separated Sodium aiid hydiogon aie liberated 
at the cathode The sodium is m the fused state 
and being lightei than the fused hydi oxide lises 
to the surface in the center It is piotectecl from 
the ail by the liydiogcn winch escapes with it 
The sodium is removed fiom this space in ladles 
as it accumulates 

Aiiothei type ol cell that is used to produce 
metallic sodium fiom sodium cblonde is shown 
in Figmo 180 The metal is hboiated on the 
suiface of the catliode and uses to the top of the 
eathocle Comiiaitirient At the tempeiatuie at 
wliieli the cell is operated, the sodium lemains in 
the liquid state, finally overflows into the recepta- 
cle shown at the light m Figuie 180, and is col- 
lected under oil The chloiiiie that is libeiated 
around the anode escapes through the opening 
m the top of the cell The electiolyte used m 
this piocess IS eithei fused sodium chlonde oi a 
niixtuie of fused sndmm and calcium chloiides, 
the melting point is lowoied by the addition of 
calcium chloride 

6 Properties of Metallic Sodium 

Sodium IS a veiy soft metal that can be 
cut easily with a knife and molded into any 
desiied form It has a brilliant silver- white 
appeal ance when fleshly cut It is slightly 


lighter than watei, its specific gravity is 
0 97 It melts at 98° and boils at 880° 
The vapor appears to consist of monatomic 
molecules It dissolves in liquid ammonia 
to form a blue solution The vapoi, also, 
has a blue color, and small particles of the 
metal which aie dispersed in rock salt im- 
pait the same color to crystals of this 
substance 

Chemically, sodium possesses the proper- 
ties of a very active metal It comhmes 
readily with most ol the non-metals, such as 
ovvgen, chlorine, sulfiu, biominc, and iodine 
With oxygen it forms the oxide NaaO and 
the pel oxide Na202 When sodium bums, 
the latter is pioduced, It displaces hydrogen 
from most acids, loimmg the sodium salt of 
the acid It vigoiously decomposes watei, 
hbeiating hydiogen and foimmg sodium 
hydioxide (page 108) It is a vigorous le- 
duemg agent, olten acting violently in thi.s 
lespect, eg, the leductioii of hydiogen m 
watei It icacts with alcohol in a similai 
manner, displacing hydiogen and foiming 
sodmm alcoholate' 

2 CsHjOH + 2 Na — 2 CSHsOlSra + Ha 

It also leduces many of the metals when it 
reacts with their oxides or chlorides It 
forms alloys with seveial of the metals 
Some of the more important ol its alloys 
aie sodium amalgam (an alloy with mercuiy) 



Figure 180 The Downs Cell for the Production of 
Metallic Sodium by the Electrolysis of Fused 
Sodium Chlerido 
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Cov,H9sy of du Pont Comipanv 

Figure 181 Casting Bricks afMetallic Sodium 


hydione (an alloy willi lead), and the alloy 
of sodium and potassium, which is a liquid 
at ordinary tempeiatuics Sodium and cer- 
tain of its compounds volatilize when 
heated in the flame of a Bunsen burner, they 
impart a vellow coloi to the flame When 
this lig,ht IS examined spectioscopically (page 
231 ), a stiong yellow line is obseived This 
and also the yellow coloi of the flame itself 
often serve as means of identifying sodium 
compounds or detecting them m substances 
of unknown composition 

7 Uses of Metallic Sodium 

Metallic sodium is used to piepaie com- 
pounds ol the element which cannot be pie- 
paiod icadily from the chloiidc The most 
impoitant of these are sodium pei oxide and 
sodium cyanide It is also used to pioduce 
compounds of other elements including lead 
tetiaethyl (ethyl gasoline), some dyes, and 
othci 01 game compounds It has limited 
use as a i educing agent for the reduction of 


some metals from then oxides or eliloiides 
Thus, before the modern method of produc- 
ing metallic aluminum was inti educed, this 
metal was made by i educing aluminum 
chloride with metallic sodium When a small 
quantity of sodium is placed in an evacuated 
tube and electricity is dischaiged through 
the tube, some of the sodium vaporizes A 
tube ot this land containing neon, as well as 
sodium vapoi, is now used as a lamp En- 
cased in 11 on pipes, it is used as an electrical 
conductor It is placed m the hollow valve 
stems of some an plane molois, liceause it is 
an excellent conductoi ol heat, and therc- 
toic aids in tlie pievontioii of ovciheatmg 

8 Sodium Chloride 

The usual souicc of all sodium and chlorine 
compounds is sodium chloride This is one 
of the woild's most abundant mineial sub- 
stances Three pei cent of the water of the 
oceans consist, s of dissolved solids, ol which 
two thuds IS sodium chloride The water of 
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the Dead Sea and of Gieat Salt Lake con- 
tains about 20 per cent of sodium chloride. 
Many deposits of salt occur in diffeient parts 
of the Tvoild Usually these are deposits 
that have been left when the water of lakes 
or of isolated aims of the sea has evapoiated 
Theie are, tor example, enormous deposits of 
salt in the Stassfurt legion of Germany, and 
in this countiy there is an extensive deposit, 
about 400 to 500 feet thick, underlying parts 
of Oklahoma, Texas, and Kansas Impor- 
tant deposits aie also found in New York, 
Michigan, California, Louisiana, West Vir- 
ginia, and Ohio These beds he beneath the 
surface, and the salt is lemoved eithei by 
mining oi by foicing watei down into the 
deposits to foim strong Inines, which aie 
then pumped to the surlace thiough wells 
The production of salt in the United States 
amounts to moie than 9,000,000 tons pei 
yeai Most of this comes from deposits and 
very little from sea water Salt is purified 
by dissolving the crystals in watei, concen- 
trating the solution, and allowing the crystals 
to foim again Most of the common im- 
purities of salt are more soluble and lemain 
m solution when the salt crystallizes Salt 
usually contains a little magnesium chloride, 
which is hygroscopic and tends to cause the 
salt to “cake ” Salt grams in this condition 
will not “poui,” but clog the openings in the 
“salt-shakei ” To pi event caking, starch 
may be added to coat each grain of salt, or 
sodium bicaibonate may be added to con- 
veit the magnesium chloride into the car- 
bonate which IS not hygroscopic 
Sodium chloiide is an essential constituent 
of foods In addition to making food more 
palatable, it is the source of chloiine from 
which the hydiochlonc acid found m the 
gastric juice is produced Sodium chloride 
IS also found in the blood A physiological 
salt solution, containing about 0 8 pei cent 
of sodium chloride, is sometimes used, as an 
injection m treating pei sons who have suf- 
fered considerable loss of blood Sodium 
c.hloiide is also used as a pieservative of 
foods, and m producing freezing mixtures 



Courtosi/ Pitlshurffh Pinto Olaoa Company 

Figure 182 A Salt Well 


(page 209). The most extensive use of salt, 
however, is m the manufacture of chloiine, 
hydiochlonc acid, sodium hydroxide, sodium 
carbonate, and othei compounds of sodium 
and chloiine Veiy pure sodium chloiide 
may be piepaied by passing hydrogen chlo- 
ride mto a saturated solution of salt. 

Oxides of Sodium 

Sodium forms two oxides, NazO and Na^Oi 
The formei is a normal oxide, and the latter 
IS a peroxide (page 186) The oxide, NaaO, 
can be foimcd by heating the hydroxide with 
sodium. 

2 NaOH -|- 2 Na — ^ 2 Na20 -t- H 2 , 

or by passing oxygen over metallic sodium 
under very caiefully controlled conditions 
Until lecently, it has been of little impor- 
tance, but it is now used as a veiy effective 
drying agent for many kinds of materials 
The peroxide is formed by the diiect com- 
bination of sodium and oxygen Chips of 
sodium are placed on aluminum trays which 
are moved slowly through a furnace (400°). 
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A current of aii is passed into the furnace and 
ovei the trays from the other end This is 
an example of the counter current 'principle, 
which IS often used in chemical manufactur- 
ing, sodium passes one way and air the other 
This method is advantageous in the manu- 
lactuie of sodium peroxide because it allows 
fresh metallic sodium to leact first with air 
from which most of the oxygen has been re- 
moved As the trays pass through the 
furnace, the sodium comes in contact with 
an containing more and more oxygen, until 
at the time it emerges it is acted upon by 
fresh air This allows the oxidation to pro- 
ceed more slowly and under bettei control 
than would be possible' if sodium were 
simply heated in the air 
Sodium peioxide is a veiv I'lgotons oxi- 
dizing agent It reacts with waliCr and acids 
to form hvdiogen pei oxide 

(2 Na+ + Or) + 2 I-I 2 O — )- 

2 (Na+ + OH-) + HjOj 
(2 Na+ + 02=) + (2 H+ -t- SOr) — 

(2 Na I- + SOr) + H 2 O 2 


In the presence of limited quantities of water, 
the hydrogen peroxide produced in these re- 
actions, and especially in the hist reaction, 
decomposes into water and oxygen 


SODIUM CARBONATE 

The most important compound of sodium 
is sodium carbonate In fact, this substance 
rivals siilfuiic acid in commeicial importance 
At one time, it was obtained either from 
natural deposits of the substance called trona, 
NaaCOs NaHCOs 2 H 2 O, or by leaching the 
ashes of seaweeds with water The name 
“soda ash” is derived from this source ol 
sodium carbonate Enormous deposits of 
trona are located m East Africa and south- 
ern California Most of the caibonate used 
in Eiuopean countries at one time came from 
Egypt At the present time most of the 
sodium caibonate used in the world is made 
tiom sodium chloiide The United States 
pioduces appioximately 3,000,000 tons an- 
nually 



Figure 183 The Solvay Process for the Manufacture of Sodium Bicarbonate 
A, lime kiln; B, carbonating tower in which sodium bicarbonate is made, C, hydrator, 
where “slaked hme" is produced, D, ammonia recovery unit, where the liquor from the 
filter E IS treated with slaked lime from C, thus liberating the ammonia from ammonium 
chloride, F, tank in which the ammonia recovered m D Is passed into brine, the resulting 
solution is then pumped to B where it is used in making sodium bicarbonate 
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1 0. The Solvay Process 
RIosl of the bodiura carbonate pioduced 
in this country is manufactured by the 
Solvay process, which was intioduced in 
1860 by Ernest Solvay, a chemical engineer 
of Belgium Ammonia and an excess of 
carbon dioxide aic passed into a solution 
satuiatcd with salt. The fiist two substances 
react (1) to foim ammonium bicaibonate, 
which reacts in turn with sodium chloiide 

(2) to form sodium bicaibonate This sub- 
stance IS only slightly soluble in the salt 
solution, hence it precipitates and can be 
lemoved by filtration It is purified by dis- 
solving the crystals in tiesh portions of water 
and evaporating the water until the bicar- 
bonate, as the least soluble substance in the 
solution, crystallizes By repeating this 
process several times a veiy pine product 
may be obtained The bicarbonate mav be 
changed (3) into the noimal carbonate by 
heating After the fiist separation of sodium 
bicarbonate ciystals from the solution, the 
“ mother liquor” contains ammonium chlo- 
ride Because of the ammonia that it con- 
tains, this substance is too valuable to throw 



CouHeau of PiUabuigh Plate Gloss Company 


Figure 184 Stills and Towers of the Solvay or Lime 
Soda Process forMonufocluring Sodium Carbonate 


away Hence, the “mother liquor” is 
tieated (4) with lime, which loacts with 
water to form calcium hydioxide, and this 
piodiict icacts, in turn, with ammonium 
chloride to form ammonium hydioxide 
The mixture is heated to diive out the am- 
monia, which is then used again m the hrst 
step of the piocess The reactions involved 
111 the foul steps aie shown by the following 
equations 

(1) NHs-i-IhO+CO, — (Nlld +HCOs-) 

(2) (Nn4+-hITC03-) + (Na-t+Cl-) — >■ 

NallCOs 4- +(NH4++Cr) 

(3) 2 NairCOs Na.COs-l-IhO-l-COa | 

(4) 2 (NH4-PCr)-)-(Ca+++2 OH-) >- 

(Ca+++2 Cl-)-H2 NH,+2 H^O. 

Some of the details of the plant m which 
sodium bicaibonate is made by the Solvay 
process are shown in Fignie 183 The plant 
must be located ncai a salt deposit and pref- 
eiably near a supply of coal In addition to 
the ammonia which is lecoveicd and re- 
turned to the process, ammonia is obtained 
as a by-pioduct m the coking of coal The 
lime used in step (4) is produced by the 
calcination of limestone 

CaCOs — CaO -b CO 2 



CoxirleSiy oj Fillshurgh I^late Glass Company 

Figure 185 Soda Ash Storage Silos and Piles of 
Limestone Used in Production of Sodium Carbonate 
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The carbon dioxide which is produced in 
this reaction is used in the fiist step The 
only by-product of the Solvay process is 
calcium chloride, which is not an extremely 
valuable substance It may be recovered, 
however, and when dried, it finds use as a 
drying agent because of its tendency to 
combine with water to foim the hydrate 
This substance is also used to keep down dust 
on rock roads (a use that depends upon its 
deluiLiescence), and in treating the suifaces 
of new cement roads 

11. The Electrolytic Process 

In the electrolytic process, sodium bicar- 
bonate IS pioduccd by electiolyzmg a solu- 
tion of sodium chloiide which is satuiated 
with caibon dioxide Sodium hydioxide is 
the diiect pioduct of the electrolysis (page 
329), but this substance is converted into 
the bicaibonate by caibonic acid 

(Na+ + OH-) -t- HaCOs — ^ 

(Na'- + HC’Oa-) -h H^O 

If a smaller quantity of caibon dioxide is 
used, the normal caibonate may be pre- 
paied Chloiine and hydiogen escape flora 
the anode and cathode, lespectivcly, as 
when a solution of salt is electrolyzed with- 
out the addition of caibon dioxide The 
caibon dioxide required in the piocess is pro- 
duced by heating limestone The lime 
which IS foimed at the same time finds many 
uses It may be allowed to leact with 
chloiine, which is anothei by-pioduct, to 
form bleaching powdei 

The electrolytic piocess has ceitam ad- 
vantages ovci the Solvay piocess The 
law matciials, salt, water, and limestone, 
are veiy inexpensive, while several valuable 
by-pioducts aie formed bleaching powder, 
chloiine, hydrogen, lime The piocess is also 
simple, diicct, and does not requiie much 
laboi It yields a product which is easily 
puiified The electrolytic process is not 
used as generally as one would expect, how- 
ever, because it requiies clectiicity which is 
expensive except in places such as Niagara 


Falls where water power is converted into 
electrical power at relatively low cost The 
electrolytic piocess is also somewhat ob- 
jectionable because the pioduction of sodium 
bicarbonate on a large scale would necessitate 
the use of many small units instead of one, 
as in the Solvay process 

12. Properties and Uses of Sodium Carbonate 

Sodium caibonate ciystalhzes from solu- 
tions in the foim of laige transparent mono- 
clinic crystals of the dccahydiate, Na 2 C 03 - 
10 HaO This hydrate has a high aqueous 
vapor piessLire, when exposed to the at- 
mosphere, it changes to the monohydrate, 
NajCOaHaO When the decahycliate is 
heated, it changes into the heptahydiate, 
NajCO-) 7 HjO, at 32° (the tiansition point) 
The tiansition point to the monohydrate is 
35 1° At liighei tcmpeiatiires, or in a 
current of diy, waim an, all the water is 
lost, and anhydious sodium caibonate, com- 
monly called soda ash, lesults 

The dccahydrate is called washing soda 
and sal soda As such, it is used in many 
ways as a cleansing agent Some of the 
cheaper soaps contain sodium caibonate as 
a filler Some soap powders contain pow- 
deicd soap mixed with sodium caibonate 
Sodium caibonate shows a pronounced al- 
kaline reaction in aqueous solution This 
effect IS due to a reaction of sodium cai- 
bonate with water 

(2 Na+ -t- C 03 =) -h HOH — 

(Na-i- + HOO 3 -) -h (Na+ -h Oir). 

This IS an example ol hydiolysis (page 181) 
At 25° ( ' , about 2 5 pei cent of the sodium 
caibonate is hydrolyzed in a 0 1 N solution, 
Because of the basic pioperties of its aqueous 
solution, sodium carbonate is often used 
both in the laboi atory and in industrial piac- 
tice as a base More than 30 per cent of the 
sodium caibonate manufactured in the 
United States is used in the manufacture of 
glass (page 384) and sodium hydioxide 
(page 385) Other uses include the manu- 
facture of soaps and cleaning mixtuies, many 
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chemicals, paper, and petroleum pioducts 
It IS also used as a water soitenci The more 
irapoitaiit uses of sodium carbonate and the 
amount (in tons) icquned annually in the 
United States for each use aie shown m 
Table 21 The annual production m this 
country is about 3,000,000 tons 

TABLE 21 

Uses of Sodium Carbonate * 


Glass Manufacture 860,000 

Soap Manufacture 200,000 

Chemical Manufacture 1,400,000 

Cleaning Powders 140,000 

Paper Manufacture 100,000 

Water Softening 40,000 

Textile Manufacture 50,000 

Petroleum Products 100,000 

Miscellaneous 110,000 


* Numbei of tons appi oxiniate oiil> 

13. Properties and Uses of Sodium Bicarbonate, 
Baking Powders 

Sodium bicaibonatc is produced dnectly 
by the Solvay process, by ti eating a satu- 
rated solution of tile noimal oaibonate with 
caibon dioxide, oi by passing carbon dioxide 
ovei ciystals of the decahydiate of sodium 
caibonatc. 

NasC'Os + HaC'Oi, 2 NaHCO, 

This reaction is leveisible, and when mod- 
erately heated, the bicaibonate is easily con- 
verted into the caibonate The aqueous so- 
lution of pure sodium bicarbonate is iaintly 
allcalme because of the leactmu of bicar- 
bonate ion, as a base, with a molecule of 
watei 

(Na+ -t- HCOr) + HOH — >■ 

(Na+ -b OH-) -b HsUOa 
or, HC03“ + HOH — t- OH' + H2CO3 

The bicaibonate is less hydrolyzed than the 
normal caibonatc A solution of sodium 
bicarbonate is sometimes used as a mild 
alkali, because of the hydioxyl ions liberated 
in this leaction, and because acids react 
with the bicarbonate ion to foim caibonic 


acid The bicaibonate ion also possesses the 
piopeities of a weak acid, in an aqueous 
solution, foi example, it leacts to a slight 
extent with molecules ol water to form car- 
bonate and hydronium ions 

HCO3- + HOH C03= + HaO+ 

The hydionium ion thus formed is available, 
theicfoie, to leact with bases The action 
of the bicarbonate ion as a base is stionger 
than its action as an acid, hence its aqueous 
solution contains moie hydioxyl than hydro- 
gen (01 hydronium) 10ns and is slightly 
alkaline. 

The piincipal use of sodium bicaibonate is 
as an aerating agent in baking It is some- 
tunes called baking soda loi this leason The 
aerating action depends upon the libeiation 
of caibon dioxide when sodium bicaibonate 
leacts with an acid The acid may be sup- 
plied by using som milk, which contains 
lactic acid Baking powdens contain sodium 
bicaibonate and some substance which acts 
as an acid In aqueous solution, the acid 
leacts with the sodium bicaibonate to lib- 
eiate caibon dioxide The substances used 
as the acid in baking powder include cicam 
of taitar, which is the acid potassium salt of 
taitaiic acid (H2C!iH40r,), and monocalcium 
(acid) phosphate, Ca(H2POi)2 Cieam ol 
tartar, foi example, reacts as follows when 
the baking powder is mixed with water 

(Na+ -i- HCOn H- (K+ + H+ + C 4 H 40 ,=) — >- 
(Na+ -k K+ -k C4H4O6") +COjf+ H2O 

The so-callcd "alum” baking powdets con- 
tain anhydrous sodmm aluminum sulfate, 
NaAl(SO,)2 The hydiolysis of the alumi- 
num sulfate portion of this compound pio- 
duces suliuiic acid which reacts with sodium 
bicaibonate Leaving out the step involv- 
uig hydrolysis, the equation may be written 
as 

(Na+ + A1+-H + 2 SO 4 ") + 3 (Na+ -k HCO 3 -) 

2 (2 Na+ -k S 04 “) -k 3 COz -k 

In some baking powdeis, mixture,? of sodium 
bicaibonate with two 01 more acid sub- 
stances are used Starch 01 flour is added to 



SODIUM HYDROXIDE 


385 


dilute the active components of the baking 
powder and to keep the mateiial dry until 
it IS ready for use 

14. Sodium Hydroxide 

Sodium hydroxide is one of the most im- 
DOitant compounds of sodium. It is often 
called MiisliG soda, and its solution is called 
soda lye It is piepared industrially by two 
general methods 

(1) Reaction of Sodium Carbonate and Cal- 
cium Hydioiide A suspension of calcium 
hydroxide in watei is mixed with a solution 
of sodium carbonate 

Ca(0H)2 + (2 NaM- G 03 =) ^ 

CaCO, 1+2 (Na+ + OH") 

This IS the oldest method of manufacturing 
sodium hydi oxide, and it is still used It is 
cheaper in operating cost than the electro- 
lytic methods hut does not pioduce any 
by-pioducLs that aie valuable The calcium 
carbonate, which is only slightly soluble, 
is removed by liltration The filtrate is 
evapoiated to dryness, and the residue is 
fused to remove all the water The melted 
sodium hydi oxide may be molded in the form 
of sticks or pellets, or thin sheets of the solid 
may be broken up to loan flakes The 
sticks, the pellets, and the flakes are the usual 
forms in which “caustic soda” is available 
on the market 

(2) Electiolysis of Sodium Chloride Solu- 
tions The production of sodium hydroxide 
by the electrolysis of an aqueous solution of 
sodium chloride has now come into general 
use and is the principal industiial method 
One of the cells used for this purpose has 
been desciibod in the chapter on chlorine 
(page 330) Several other cells, which op- 
erate on the same general principle, have 
been developed 

The sodium hydroxide that is produced 
electrolytically contains sodium chloride as 
an impurity, since the chloride is not com- 
pletely decomposed by electrolysis. The 
chloride is much less soluble than the hy- 
droxide and crystallizes as the solution that 


results from the electiolysis is evapoiated 
The solution may be evapoiated until almost 
all of the chloiide has separated without 
losing any of the hydroxide, since the lattei 
IS extremely soluble After the removal of 
the sodium chloride, the solution is then 
evaporated completely to recover the hy- 
droxide in the solid foim It still contains 
some chloride If veiy pure sodium hydi ox- 
ide is desired, it may be prepared by dissolv- 
ing the solid in alcohol, m which sodium 
chloiide and other impurities are only very 
slightly soluble The clear solution is sepa- 
rated from the undissolved substances and is 
evapoiated to produce the solid hydroxide 
once more Puie sodium hydroxide may be 
piepared, also, by the action of metallic 
sodium upon distilled water 
The Castner-Kellnei cell uses a mercuiy 
cathode The sodium that is liberated at this 
electrode foims a dilute amalgam with the 
mercury and this m turn, reacts with water 
to form a dilute solution of sodium hydi ox- 
ide The cell IS constructed accoiding to an 
ingenious design and gives a very puie 
product Details of its opeiation are shown 
and explained m Figuie 186 


15 Properties of Sodium Hydroxide 
Sodium hydi oxide is a white crystalline 
solid It IS cxtiemely deliquescent and is 



Figure 186 The Castner-Kellner Cell for the 
Production of Sodium Hydroxide 
fK, anode compartments; B, cathode compartment The 
whole cell rocks back and forth and the mercury, which con- 
nects the three compartments, flows first toward one end of 
the cell and then toward the other In the anode compart- 
ments, the mercury acts o$ the cathode and forms sodium 
amalgam with the sodium as It Is liberated. When this 
omalgam passes through the cothode comportment, the 
sodium leaves it, passing into the solution to form sodium 
hydroxide. 
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very solulile m watei It acts conosively 
as its common name, “caustic soda,” im- 
plies, it readily disintegiatcs almost all ani- 
mal and vegetable tissues In the air, sodium 
hydroxide absorbs watei and caibon dioxide 
and by the latter is conveited into sodium 
caibonate In using sodium hydroxide or its 
aqueous solution in the laboiatory, the most 
troublesome impurity is likely to be sodium 
carbonate IVlien puie sodium hydroxide 
solutions aie desired, it is impoitant that 
they should be stored under conditions 
which will exclude air. A glass vessel in 
which a solution of sodium hydi oxide is 
stoied soon becomes badly etched because 
of the reaction of the base with the silicates 
of which glass is composed Solutions of 
sodium hj dioxide cause one’s fingers to have 
a “soapy” feeling when nibbed together 
aftci having been moistened with the solu- 
tion It is usotul in cleaning because it re- 
acts with giease to form soluble sodium 
compounds The properties of its solution 
are those which characterize a strong base 
(page 168) Because it contains one hy- 


droxyl ion in its formula, it may be called a 
monaad base; each giam-molecular (oi 
formula) weight reacts with one gram-mo- 
leciilai weight of a monobasic acid, such as 
HCl. Calcium hydi oxide is a diacid base 
About 1,250,000 tons of sodium hydi oxide 
ate produced m the United States each year 
The uses of sodium hydi oxide, and the rela- 
tive amounts of the substance that each ii.se 
requires pei year, aie shown in Table 22 

table 22 


Uses of Sodium Hydroxide * 


Soap 

1 60,000 tons 

Petroleum (puriflration) 

150,000 

Chemical Manufactures 

230,000 

Rayon (artificial silk) 

280,000 

Textiles (mercerized cotton, etc ) 

65,000 

Lye 

75,000 

Paper 

65,000 

Rubber (reclaiming old rubber) 

15,000 

Purificotion of Vegetable Oils 

25,000 

Miscellaneous 

150,000 


•' Number of tons appioximnte only 



C'ourksu oj Amencan PoUish and Chemical Corporation 

Figure lfl7. A VUw Searles Lake 
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16 Sodium Sulfate (Na 2 S 04 ) 

Sodium sulfate occuis natuially m de- 
posits located m Canada and m the south- 
western portion of the United States It is 
also present in several mmeial waters and m 
the watei of eeitain lakes in Siberia It is 
pioduced as a by-piodiict in the manufac- 
ture of hydiochloiic acid It crystallizes 
from solutions at tomperatuics below 32 4° 
as the decahyduite, NauSO^ 10 HaO This 
hydrate is called Glauliei’.s salt, after the 
alchemist Glauboi, who used l.he salt as a 
medicine in the seventeenth century The 
anhydious salt may he foiined by evapoiat- 
ing a solution of the substance at tempeia- 
tmes above 32 4°, the tuinsition point The 
hydrate also loses moistiiie to the air, at 
oidinary tempeiatuica, because of its high 
aqueous vapor piessure The transition 
point is so delimtc that it may bo used m 
checking the accuracy of thoimometers 
Sodium sLillatc is used to the extent of al- 
most 400,000 tons annually in the United 
States in maniilacturmg glass and paper 
In the maniifacl lire of clieap glass, it serves as 
a substitute f 01 sodium caibonate In paper 
making, it is used in the prcpaiation of wood 
pulp fiom Houtliein pine and certain othei 
woods The acid sullatc (NatlSOj) is not 
very useful, except m the manulactiue of 
hydiochlonc acid fiom salt (page 345) 

17. Sodium Sulfite (Na'^SOj) and Bisulfite 
(NaHSO,,) 

When siilfui dioxide is passed into a solu- 
tion of sodium caibonate, it fiisi leacts with 
watoi to toim siilliiioiis acid, HjSO,, which 
then leacts with sodium caibonate to foim 
the acid sulhte (bisiilhto) 

S(J, -b I-UO H^SOa 
(2 Na' 4- CO,r) -I- 2 H,SO, — 7- 

(2 Na+ + liSOr) + HnO + COj 

11 the saturated solution of the bisulfite is 
then treated with a fresh solution containing 
the same quantity of sodium carbonate that 
was used m making the bisulfite, the noimal 
sulfite IS formed 


2 (Na+ + HSO 3 -) 4- (2 Na+ + COg^) 

2 (2 Na-*- 4- son + H 2 O -b CO 2 i . 

Both the normal and the acid sulfite are re- 
ducing agents They are used to some ex- 
tent as bleaching agents, as preservatives, 
and in photography Sodium sulfite is used 
to lemove the excess of chlorine when the 
lattci IS employed as a bleaching agent in 
the textile industiy When used for this 
purpose, the sulfite is called an anhcMor It 
reacts with the excess ol chlorine accoidmg 
to the following leactioii 

(2 Na"*^ -b SO,t~) -b C'b 4" II 2 O — i- 

(2 Na-*- -b SOr) -b 2 (H-*- -b Cr) 

The bisulfite is used m making paper, m 
tanning Icatliei, in maniitactuimg some 
dyes, and as an antichloi 

18 Sodium Thiosulfate (Na 2 S 203 ) 

This IS the substance which is famihai to 
photogiapheis as “hypo “ Its use m plio- 
togiaphy depends upon its ability to dis- 
solve silver salts from plates, films, or print- 
mg papei aftei these have been developed 
The developing process reduces the silvoi 
salt that has been effected by light to 
metallic silvei In the “fixing” bath, which 
consists of a solution of sodium thiosulfate, 
the undeveloped silvei salts are 1 amoved so 
that they will not be converted into metallic 
silver when the “negative” 01 “positive” 
is exposed to the light 

Sodium thiosulfate is formed by treating 
a boiling solution of sodium sulhte with 
sultui . 

Na2S03 -b S — >- NaaSaOs 

When the lesultmg solution is evaporated, 
the thiosulfate ciystalhzes out as the penla- 
hydrate, NaaSaOs 5 HaO This is the sub- 
stance commonly called “hypo” 01 hypo- 
sulfite of soda The name hyposulfite is 
eironeous, howevei, since the substance is 
really a sulfate Sulfur is oxidized in the 
leaction which pioduecs the thiosulfate fiom 
a valence ol 4 in NaaSOd to a valence of 6 
m NaaSaOa We may think of the second 
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sulful atom as taking the place of the foui th 
oxygen atom in Na 2 S 04 When an acid is 
added to a solution of the thiosulfate, the 
flee acid, thiosulfuiic, is hbcvated and, 
being unstable, immediately decomposes into 
free sulfur and sulphurous acid, which is also 
unstable 

(2 Na+ + SaOr) + 2 (H+ + 01') — 

2 (Na+ + Cl') + H 2 S 2 O 8 
H2S2O3— ^-H..S 04 + S I 
H2SO3 — > SO2 I + H2O 

A solution of sodium thiosulfate is used to 
detei mine the quantity of iodine in mateiiak 
containing iodine or iodides If the iodine is 
combined, it must hist be libeiated by the 
action of chloimc oi some othei oxidizing 
agent The free iodine then icacts with the 
thiosulfate as follows' 

2 [2 Na+d-SaOj") + h—^ 

2 (Na+ + 1-) + (3 Na+ + SA=) 

Since both sodium iodide and sodium tetia- 
thionate (Na 2 S 40 a) aio coloiless compounds, 
the addition of the lequned amount of thio- 
sulfate IS indicated when the coloi of the 
iodine Sjolutioii disappear, or when the solu- 
tion no longet shows the chaiacteristic effect 
of flee iodine upon staich Prom the quan- 
tity of sodium thiosulfate added, the quan- 
tity of iodine present can be determined by 
means of the weight lelatioiis of the two 
substances as expressed in the equation for 
then reaction 

1 9 Sodrum Sulfide (NaiS) 

This compound of sodium may be prepared 
by ti eating a solution of sodium hydi oxide 
with hydiogen sulhde Sodium hydiosulfide 
(NaHS) is fust foimcd, but if the solution is 
then mixed with a volume of fiesh sodium 
hydroxide solution equal to the volume which 
was first satiuated with hydiogen sulfide, 
noimal sodium sulhde may be pioduced 

(Na+ + 0H-) + HaS 

(Ma^ +I-IS') + H20 

(Na+ d HS-) + (Na+ -b OH") 

(2 Na+ -b S=) + H 2 O 


Commcicially, sodium sulfide may be pro- 
duced by ] educing sodium sulfate with 
carbon at a tempeiatuie of about 900“ It 
IS a white ciysLallinc solid which is very 
soluble Its aqueous soliitiniis are stiongly 
alkaline m reaction because of the tendency 
of the salt to hydrolyze 

(2 Na+ + S“) + HOH 

fNa^ + HS') -b (Na+ -b OH') 
(Na+ + HS-) + HOH — 5- 

(Na+ + OH-) + AS, 
or S= + HOH — ^ HS- -b OH' 

HS- -b HOH ■—> H 2 S -b OH' 

It IS used m dyeing cotton with the “sulfui 
dyes,” m manuhictuimg some dyes, and in 
removing han fiom hides m the prcpaiation 
of leathei 

20 Ofher Compounds of Sodium 

The list ol Hcxlium compounds is a long one and 
contains many widely used and iinpoitant sub- 
stances in addition to those which we have 
alicady discussed in this chaptei These have 
been chscussecl picviously 01 will be discussed 
later m chaptei s dealing with othei elements 
that they contain The list below will serve to 
designate those oi major importance 

dodium Ijiomide and iodide Sodium lyanidc 
iSotlmm tetraborate fJjoiax) Sodium phosiibates 
Sofimm nitiate Sodium mtnte 

Sodium liypoehlui ite vSoduim chlorate and 

Sodium silu ate perchlorate 

POTASSIUM 

21 Occurrence 

Potassium occurs in igneous rocks m the 
form of micas and feldspars, of which leucile^ 
KAldqOo, and oHhoclase, KAlSi.iOg, are typi- 
cal The weathering of these locks leaves in 
the soil as salts at least a poition of the po- 
tassium that they contain The salts add to 
the feitility of the soil, since potassium is 
lequiied by plants foi noimal, healthy 
giowth Aftei a soil has been cultivated foi 
scveial years, it is likely to become dehcieiit 
m potassium, which must then be added in 
the form of fcitilizeis that contain potas- 
sium salts and, fiequently, salts containing 
nitrogen, phosphorus, and other elements 
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When plants remove potassium salts from 
the soil, they convcit them mto potassium 
salts of organic acids If wood and other 
plant materials are burned, these salts aie 
changed into potassium caibonate, which is 
found in the ashes This was the first souice 
of potassium compounds, the ashes were 
leached with watei, and the solution con- 
taining potassium caibonate was evapoiated 
in iron pots t.o toim a residue called poLash 
It was fiom this matciial that Sn Humphry 
Davy first produced the clement If the 
solution that leaches tin ough wood ashes is 
allowed to flow through a bed of slaked lime, 
the carbonate is converted mto potassium 
hydi oxide 

(2 K+ -H C’Or) + (CaH- + 2 OR-) — > 

CaCOi I 2 (K+ + OH-) 

The solution of potassium hydi oxide is some- 
times called lye or potash lye, m ordei to dis- 
tinguish it fiom soda lye, which is sodium 
liydi oxide In pioncei clays potassium car- 
bonate or potassium liydi oxide, obtained in 
this maiinci, was used to make soap Ac- 
cumulations of fat were heated with a solu- 
tion obtained Viy leaching ashes, and a soft 
soap was thus pioduced Wood ashes still 
serve to a limited extent as a source of po- 
tassium compounds 

Until lecently, most of our supply of 
potash came fiom Geimany, which produced 
most of the supply foi all the woild fiom 
potassium salts found m the Stassfurt de- 
posits located in the north cential poition of 
Gei many The Stassfurt deposits, like many 
otheis, weic proliably pioduced when the 
watci evapoiated m an aim of tlie sea that 
had been cut off horn the mam body of watci 
by geological changes The deposit contains 
about thirty diffeiont mineials (Figure 188) 
The lowest layei is composed chiefly of 
sodium chloiide, which was deposited hist 
as the water evaporated, paitly because it is 
the most abundant salt m sea watei and also 
because it is not so soluble as most of the 
other dissolved salts The next layer con- 
tains calcium sulfate, the next, magnesium 


sulfate, and the top layei s contain potassium 
and magnesium chloiidcs The most im- 
poitant potassium minerals among these 
salts are 

Sylvite, KOI 

Gainalhte, KCl, MgCb 6 HjO 
Kainite, MgSOi KCl 3 HaO 
Schonite, IGSOi MgSO, (i HaO 
Polyhahte, MgSO, 2 GaSO, IGSO, 2 IDO 

The deposit is covered with a layer of sand- 
stone, and the diffeicnt layers of salts are 
mixed with sedimentary material The 
salts aie mined, and the potassium is ob- 
tained m a moie concentrated form by a very 
tedious and caiefully conti oiled process m 
which the various salts aie fractionally 
ciystalhzed The substance placed upon the 
market is largely potassium chlonde oi po- 
tassium sulfate About 90 pci cenf, of the 
total pioduct IS used m the fertilizei indus- 
try In 1937, Geimany produced about 
1 500,000 tons (metric) of this material cal- 
culated m terms of its potassium oxide (KjO) 
equivalency From deposits of a similar 
chaiacter in Alsaoe-Loiiaine, Fiance pro- 
duced about 490,000 ton,s T'he United 
States pioduced about 875,000 tons of 
potash (calculated as K 2 O) in 1945 



Figure 188 The Stassfurt Deposits 
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Piini to the fiist Woiicl Wai Geimany had an 
almost complete monopolj^ on the woild’s supply 
oi potash When the United States was cut off 
fiom this source of supply, we had to look to 
domestic souices foi the potash we needed 
The price immediately soared to several times the 
normal cost ot “potash,” and this condition fur- 
thei stimulated the search for supplies within the 
boundaiies of the United States Some was 
extracted from wood ashes, but this souioe could 
not possibly supiily the enormous quantity le- 
quiied The feldspars, although abundant, could 
not be used because they are very stable sub- 
stances and the cost of extracting the potassium 
as soluble and useful salts was prohibitive Some 
was exti acted from the mineral alunite, which is 
a hydrate of potassium aluminum sulfate and is 
found in Utah and Nevada Some was also pro- 
duced from green 'sand. 

Seailes Lake, in the Mohave Desert of southern 
Calitorma, now serves as an impoitant domestic 
somce of potassium salts Tins is m fact not a 
lake, but a bed of salts about 12 square miles in 
area, oontainmg salt deposits which aie about 
70 feet thick The salts aie present with a 
“motliei liquoi” from which they have ciystal- 
lized From this liquor and the crystallized salts, 
potassium clilonde is produced, along with boiax 
(Na 2 B 407 ) and other substances, by fractional 
ciystallization At one time, consideiable 
“potash” was recovered fiom the ashes of kelp, 
fiom beet-sugai residues, from the ash of cotton- 
seed hulls, the ash of wastes remaining after the 
fci mentation of molasses, and from the dust of 
cement mills and blast furnaces Since about 
1031, potassium salts have been extyicted from 
a deposit, located m New Mexico and Texas, that 
contains sylvite, carnallite, polyhalite, and 
langbeimte, K2k30iMgS0i The present center 
of pioduction IS near Carlsbad, New Mexico It 
is said that this deposit alone can supply all 
this country’s future needs for potassium It 
undeihes some 30,000 square miles at a depth 
of 1000-1700 feet below the surface, and piobably 
was formed by the evaporation of sea water m an 
aim of the sea that was cut off in the eailiei 
geological eias of this continent An enoimous 
deposit ot similar character was discovered m 
Russia m 1926 

Most of the potash now produced in the 
United States comes fiom Seailes Lake and 


Carlsbad, and from the fermentation indus- 
tiy We have sufhcient capacity for pi odiic- 
tion— in 1945 this was moie than 800,000 
tons — to meet all our requirements As was 
tiue foi the dye and drug industries, the 
first Woi Id Wai led to the development of an 
American potash mdustiy, aiiLl loieign pro- 
ducers lost then best market 

22. Production and Properties of Metallic 
Potassium 

Metallic potassium is pioduced by the 
electiolysis of melted potassium hydroxide 
or potassium chloiide, the method is the 
same, in geneial, as that used to produce 
sodium (page 377) Potassium can also 
be pioduced, though on a limited scale, liv 
heating potassium hydroxide with a reducing 
mixtuie containing caibon and the cat bide 
of non 

Sodium is more easily and cheaply pro- 
duced than potassium, and since thcie aie no 
majoi uses foi which sodium cannot serve 
as well, the production of potassium is 
limited 

Potassium resembles sodium It is a soft 
metal and can be cut easily The fleshly 
cut surface has a blight, silveiy-white luster, 
which is soon lost in the an, because the 
metal quickly leacts with oxygen and water 
The metal reacts even moic vigoioiisly with 
watei than sodium, and sufficient heat is hb- 
eiated to ignite the hydrogen that it dis- 
places 

Potassium stands above sodium in the 
electiochemical senes The valence election 
of the potassium atom is moie easily lemoved 
than the valence electron of the sodium atom, 
as we should expect, since the loimei lies m 
a gioup taither removed from the nucleus 
than the latter For the same reason, the 
potassium ion is not so easily converted into 
an atom ot the metal as the sodium ion 

IVlctalhc potassium boils at 760°, and the 
greenish colored vapor appears, from its 
density, to consist of monatomic molecules 
When the metal and its compounds are 
heated m the flame of a Bunsen burner, they 
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impart to it a violet coloi The coloi of this 
flame is observed best thiough a piece of 
cobalt (blue) glass, which absoibs all the 
colors of light from the flame except the blue 
and violet 

23 Potassium Halides 

Most potassium compounds aie made from 
potassium chloiide This substance is ob- 
tained chiefly from sylvite and cainallite 
(page 389) It is purified by dissolving these 
minerals m watei and fractionally ciystal- 
lizing the salts that they contain In carnal- 
lite, potassium chloride is present with mag- 
nesium chloride, which is much more soluble 
and hence remains in solution as the potas- 
sium chloride crystallizes The sepaiation 
from sodium chloiide is fairly easy, since this 
impuiity IS less soluble than potassium chlo- 
ride at temperatures above 30°, and its 
solubility changes but little between this 
temperature and 100° Potassium chloride, 
on the other hand, shows a greater range of 
solubility at different temper atuics (page 
198) In addition to serving as the source of 
other compounds of potassium, it is used 
chiefly as a fertilizer Most of the potash 
sold for fertilizer is potassium chloride, and 
90 per cent of all the potash used in this 
country is used as fei tilizer 

Potassium bromide and potassium iodide 
are piepaied by adding the halogen to a 
hot concentrated solution of potassium hy- 
droxide For iodine the reaction is 

6 (K+ + OH-) + 3 I 2 — >■ 

5 (K+ -t- 1-) + (K+ -t- IO 3 -) + 3 H 2 O. 

The solution is evaporated to dryness and is 
then heated with powdeied carbon to reduce 
potassium lodate to the iodide After filtra- 
tion to lemove the excess of caibon, the po- 
tassium iodide IS recovered by crystallization 
and may be purified by recrystallization 

The iodide and bromide are used in pie- 
paiing the conesponding silver salts, which 
are used in making the plates, films, and 
printing paper used in photography They 


also have some use in medicine, the bromide 
being used as a nerve sedative 

24 Potassium Hydroxide 

Potassium hydimide is prepared electro- 
lytically in a manner similar to the electro- 
ytic preparation of sodium hydroxide, or it is 
made by treating potassium carbonate, in 
solution, with slaked lime In either case, 
the solution is evaporated, and impurities, 
such as the chloride, are removed by crystal- 
lization The hydroxide is then recovered 
by evaporation to diyness, and the solid is 
melted and cast into sticks, which usually 
contam considerable water Potassium hy- 
droxide is very deliquescent, and since it 
absoibs watei leadily, it is used as a dchy- 
dratmg and drying agent It is sometimes 
used to remove water and carbon dioxide 
simultaneously from an and other gases 
It removes carbon dioxide by reacting with 
it to form potassium carbonate Its solution 
IS strongly basic m character It is more 
expensive than sodium hydroxide, and its 
use 18 consequently limited because the 
cheaper sodium hydroxide almost always 
serves equally as well 

25 Potassium Carbonate (KjCOj) 

Potassium carbonate cannot be made bjr 

the Solvay process In preparing sodium 
carbonate this process can be used, because 
sodium bicaibonate can be piecipitated fiom 
the mixtuie of brine, ammonia, and carbon 
dioxide (page 382) Potassium bicarbonate, 
however, is more soluble and docs not pie- 
cipitate It can be prepared by heating po- 
tassium sulfate with caibon, which leduocs 
the sulfate to potassium sulfide The sulfide 
IS then mixed with calcium carbonate and 
heated to foim potassium carbonate and cal- 
cium sulfide by double decomposition It is 
also made by electrolysis (page 383) and by 
leaching wood ashes (page 390) In the plant, 
01 its products, potassium exists as salts of 
organic acids, such as tartaric (H 2 C 4 H 4 O 6 ) 01 
oxalic (H2G2O4) Thus, we find cream of tai- 
tai (KHC 4 H 4 O 6 ) in gi'apes, and potassium acid 
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oxalate (KHC 2 O 4 ) in rhubarb When plants 
containing these substances are burned, the 
caibon is converted into carbon dioxide, 
which then gives potassium carbonate by 
combining with potassium oxide, which is 
also one of the direct products of the com- 
bustion Potassium carbonate is also pre- 
paied by passing carbon dioxide into a solu- 
tion of potassium chloiide m which powdered 
magnesite (MgCOa) is suspended. 

3 MgCOg + 2 (lv+ -h C1-) -h H 2 CO, — 1 - 
2 MgKH(('03)2 I -f (Mg-i-t- -h 2 C1-) 

The precipitate of MgKH(COa )2 is filteied 
off and heated, whereupon it decomposes to 
form MgC’Oa, KaClOi, and caibomc acid 
(CO 2 + Had) II the residue is mixed with 
watei which is satuiated with potassium 
chloride, moie potassium caibonate may be 
obtained from MgCIOa 

MgCOa + 2 (K+ -h C1-) 

(Mg^^ -h 2 C;i-) + K2CO3 I 

I’his reaction depends upon the use of an 
excess of potassium chloride and upon the 
veiy solulde charactoi oi magnesium chlo- 
iide as compaicd with potassium carbonate 
Potassium bicaibonate is piepaied by sat- 
uiating a solution ol the normal caibonate 
with caibon dioxide and evaporating the so- 
lution The carbonate is used in the manu- 
facture of seveial salts of potassium and m 
the manufactuie of glass and soap. 

26 Potassium Nitrate (KNO 3 ) 

This substance, commonly called salt- 
peter, was widely used by the alchemists. 
Until about 1901, it was essential m warfare 
toi the production of black gunpowdci, 
but smokeless powdeis and other foims of 
explosives have now completely replaced 
black gunpowder, which is a mixtuie ot po- 
tassium nitiate (saltpeter), sulfur, and chai- 
coal The three components must be hnely 
ground and thoroughly mixed to promote 
cxtiemely rapid combustion, since the value 
ol the mixtuie as an explosive depends upon 
the liberation of a large volume of gases 


instantaneously when ignited The gases 
consist chiefly of free mtiogen, svilfui dioxide, 
carbon monoxide, and carbon dioxide The 
potas,sium nitrate provides the oxygen to 
oxidize the carbon and sulfur and also adds 
its reduced nitrogen, which contributes to 
the increase in volume attending the reac- 
tion Several solid substances are also pro- 
duced, including the caibonate, sulfide, and 
sulfate of potassium These substances, 
mixed with paiticles of unbuined carbon 
and sulfur, are responsible foi the smoke that 
results from the explosion 

ttimiTowdei was fiist used m mihtaiy opera- 
tions m the Battle of Ci6cy (1346) At one time, 
most of the potassium lutiate used to make this 
explosive was produced by allowing mtiogenou.s 
organic niatenal to decompose in the piesence 
of potassium caibonate Until recently, potas- 
sium uitiatc was piopaied fiom Chile saltpeter 
(NaNOj) To understand the process employed 
foi this pm pose, the student is refen ed to 
Piguie 92 Hot satuiated solutions of sodium 
nitrate and potassium ohlonde aie mixed When 
the solution is evaporated at a high tempeiatuie, 
salt first ciystalhzes, since it is tlie least .soluble 
of the foul substances that can be foimed fiom 
tlie foui 10 ns picsent As evapoiation is con- 
tmueil, more and more sodium and chloiide ions 
aic lemovcd by the oiysUlhzation of salt, and the 
concentration ot the potassium and mtiate ions 
left m the solution becomes gi cater and gi eater. 
When the concentration of these ions becomes 
equal to 130-140 g of potassium mtiate per 100 
g ol water, the salt crystals are removed fiom 
the hot solution, which is then allowed to cool 
Salt has about the same solubility in cold water 
as in hot, hence very little additional sodium 
chloiide crystallizes as the solution is cooled 
The solubility ol potassium nitrate deci eases veiy 
rapidly, however, as the tempeiatuie falls, and 
theiefoie the ciystals tliat foim when the solu- 
tion is cooled consist laigely of the mtiate This 
may be punfied by again dissolving m water and 
repeating the process of fractional ciystallizatiou 
Potassium mtiate is also pioduced by means of 
the reaction between nitiic acid and potassium 
chloiide, and by the reaction of potassium chlo- 
iide and nitrogen dioxide, which is made by 
oxidizing ammonia 
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Potassium nitrate forms white, rhombic 
crystals It melts at 336° It dissolves in 
watei with the absoipiion of a i datively 
large amount of heat Since it is not de- 
liquescent, while sodium nitrate is, it is more 
dcsnable than the latter in the manufactuie 
of gunpowdei It is a vigoious oxidizing 
agent, especially when used as the fused salt 
When heated, it decomposes to form potas- 
sium nitrite and oxygen (page 67) Because 
it contains both potassium and nitrogen, it is 
a vciy valuable feitilizer It is still used 
to manulactuie black gunpowdei for use m 
fireworks and in some blasting opeiations 
It is also used m medicine and in cm mg 
meats The led color of cuied meats, such 
as “coined heel,” is attiibuted to the use of 
potassium nitiate 

LITHIUM, RUBIDIUM, AND CESIUM 
27. Lithium 

This element was discovered in the form 
of its compounds, by Aifvodson, in 1817 
Its name signihcs “stone ” Its chief souices 
aie miiieials of which lepidohte (California 
and Maine) and amUygnniie (South Dakota) 
are the most irapoitant Lithium com- 
pounds aie piesent m small amounts in 
many igneous locks When these locks de- 
compose, the salts of lithium, along with 
those ol potassium, sodium, and othei 
metals, find their way into the soil and 
giound watei s Certain plants take up 
small amounts of lithium salts iiom the soil 
and, as in the case of potassium, the lithium 
appeals as the cailionate m then ashes 
This IS tiuc, pailu'ulaily, ol beets and to- 
liacco Many mineial watei s contain lith- 
ium carbonate or other salts of this clement; 
these aio called "hthia wateis " 

Tlic metal losembles potassium and so- 
dium, both physically and chemically It is 
piepaied m the same raannei It is inter- 
esting as the lightest of the metals, its den- 
.Sity IS about one hall that of watei The 
nu'lal leads diicctly with many elements, 
inclucliiig iiitiogen with which it leadily 


forms the nitiide, and hydrogen with which 
it forms the hydride The lattoi substance is 
interesting since its fused state appeals to 
contain negative hydrogen ions, when the 
fused lithium hydride is electrolyzed, hydro- 
gen IS liberated at the anode The metal is 
used m a few alloys Some of its most im- 
portant compounds are lithium chloride 
(LiCl), lithium biomidc (LiBr), lithium 
carbonate (Li 2 C 03 ), and lithium phosphate 
(L13PO4) The carbonate and phosphate 
differ from the couesponding compounds of 
sodium and potassium m being only slightly 
soluble in water The compounds oi lithium 
hnd some use in medicine, in compounding 
artificial mineial waters, in manufactuimg 
glass and enamel, and in producing red light 
in firewotks and other pyiotcchnical mate- 
iials The last-named use depends upon the 
rod light which lithium and its volatile 
compounds emit when heated m a flame 

28 Rubidium 

The name of this element signifies “daik 
red” and lefers to the red lines m the spoc- 
tiura of the light that rubidium and its com- 
pounds emit when they aie made luminous 
The clement was discovcied by Bunsen in 
1861 Some rubidium occuis with potas- 
sium in carnalhte and with lithium in lepido- 
litc It is also lound in the ashes of some 
plants (beets and tobacco), and must theie- 
foie be present in small amounts in the 
soil lire metal may be picpai ed by boating 
its chloiide with misch metal, which contains 
seveial of the so-called laic-caith metals 
It resembles potassium and sodium but is 
consideiahlv moio active Its compounds 
resemble those of the othei elements of the 
family 

29 Cesium 

Desium was diseoveied by Bunsen m 1 860 
Its name means “sky blue” and lefeis to 
blue lines in the element's specti um Small 
amounts of it occui in the soil, in plant 
ashes, in camalliie, and in Ictndohie The 
most important source, liowevci, is the 
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mineral polhicite, which is a cesium alumi- 
num silicate found m New England Cesium 
forms compounds which aie similai to those 
of the other alkali metals It is the most 
('lectiopositive of all the elements At tem- 
peratures above 28 5° it is a liquid In the 
an it oxidizes with almost explosive violence 
Cesium is used in manufactuiing an alloy 
used m ladio tubes Both cesium and ru- 
bidium aic used in making photoelectric 
cells This use depends upon the property 
of these metals to emit electrons when they 
are exposed to light 

30. Identification and Separation of the Alkali 
Metals 

The alkali metals may he detected by examining 
the coloi of the Bunsen flame which losults when 
a platinum wiie is dipped in a sample of the 
mateiial under examination and then jilacecl in 
the flame Tims method is not satisfactoiy if 
moie than one of the alkalies, oi othoi metals 
which ooloi the flame, aie iiiesciit It both 
sodium and iiotassium aie pieseiit, the yellow 
light of sodium can be alisoibod by a piece of 
blue glass, which tiansmits the violet color of the 
potas.sium flame The light from the flame may 
be analyzed aecmately, howevci, by means of 
the spectroscope (page 231) Althoiigli two ele- 
ments may emit light of almost the .same coloi, 
when they oi then compoiimts aie made lumi- 
nous, the spectioscope will .sepaiate those colois 
and will show chaiacteii.stic lines coiiesponding 
to diffeient wave-lengths Spcctioscopic methods 
are used, almost exclusively, to detect litliuim, 
lubidium, and cesium 

Sodium may be detected by the two yellow 
lines ill its spectium It may also be detected 
and separatefl fiom othei ions by foimmg slightly 
soluble salts ol the metal Some of these salts are- 
sodium pyroantimonate (Na2H28b307), sodium 
fluobilicatc (Na28iFo) and sodium magne.sium 
uianyl acetate (NaMgtU'O2)3(C’2H302)9 9 ItO) 
Potassium is detected by the violet color 
which it impaits to the flame or by the foimation 
oi the following salts which aie slightly soluble 
Potassium fluoborate (KBFi) 

Potassium cobaltic nitrite (K3Co(N02)») 
Potassium perchlorate (KClOd 
Potassium picrate (CoH2(N02)30K) 


Potassium fluosilicate (K2Siro) 

Potas,sium acid taitiate (KHCMIiOo) 

Lithium may be sepaiated fioni the other 
alkali metals by making use of the fact that its 
caibonale and phosphate are much less soluble 
in water than the same salts of the othei elements 
of the family 

Review Exercises 

1 Enumerate the products which aie formed 
and the chemical changes that occui at the 
electrodes when (t) an aqueous solution ot 
sodium chloi iclc is electi olyzed and (2) when 
fused sodium chloiide is clectinlyzcd 

2 Why is it not commeioially piactical to pio- 
ducc sodium hydroxide by the leaotion ot 
metallic sodium with watci'^ 

3 Why IS sodium classified as a metal? 

4 Compare the adi'antagcs oi pi odii cing sodium 
hydioxide electiolytieally with tho.se of the 
ptocess m which sodium carbonate and 
.slaked lime aio used 

5 Wily is hodiiiin hydioxide classified as a base? 

6 Ten liteis ol noimal sodium hydioxide solu- 
tion aie piepared by allowing metallic sodium 
to leact witli 1000 ml of water and then 
diluting the solution to 10 liters How 
much sodium was used? 

7 What weight of sodium caibonate must bo 
used with an excess ol calcium hydioxide to 
pioduce 100 lbs of sodium hydioxide? As- 
sume that theie is no loss in tho piooess 

8 What impiiiities aie u.siially pro, sent m the 
sodium hydioxide pi od need by the electi o- 
lytic pioces.s? What impuritie.s aie piesent 
m sodium liydioxirle that ha.s been exposed 
to the an? 

9 Wiiat volume of half noimal (N/2) sulfuiic 
acid solution is loquiied to neutiahzc 10 
liters ot noimal sodmm hydioxide solution? 

10 How would you pioceed to obtain a veiy 
neaily pure sample of sodium oliloiide from 
sea watei? 

11 What IS the unginal source of the salt in the 
sea? What is the explanation of the origin of 
the deposits of sodium chlonde that aie 
found m vanous legions of the woild? 

12 Why does potassium chloride co.st moie than 
sodium chloride? 

13 Starting with 100 lbs of salt, what weight of 
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sodium carbonate could be pioduced by the 
Solvay process? 

14 Identify the following substances oi materials, 
which have been described in this chapter 
sal soda, soda ash, albite, oithoclase, lepido- 
hte, pohucite, sylvite, cainallite, potash, 
caustic soda, bahng soda, Glauber’s salt, 
lock salt, halite, gunpowdei, lye, antichloi 

15 What substances would you use and how 
would you proceed to piepaie the following 
substances from the sources indicated? 

KNOa fiom KCl 
KjS fiomKiSOi 
K 5 SO 4 fiom KCl 
KsCOj fiom KCl 

16 Which of the alkali metals should francium 
lesemble most closely? What would be some 
of the most likely sources of this element? 

17 What IS the common stiuctuial feature pos- 
sessed by the atoms of all alkali metals'* 
From the atomic weights and atomic num- 
beis of the elements of this family, state ( 1 ) 
the number of protons and ncutions in the 
nucleus of an atom of each and ( 2 ) the num- 
bei of electrons in each group or level 

18 Which of the elements of this gioup most 
readily forms positive ions'’ Winch is least 
active in this lespect’ Account for the 
difference 

19 Wliat aie the sources of potassium com- 
pounds m the Umted States'" 

20 Compare the members of this family of ele- 
ments with lespect to the piopeities listed 
below activity, formulas of oxides, chlorides, 
and sulfates, colors which they impart to a 
flame, density, melting point, and boiling 
point, physical state at ordinary tempera- 
ture, solubility of salts, etc Supplement 
data fiom text with data from handbooks 
and other sources 

21 What weights of ammonia, caibon dioxide, 
and salt aie lequired to produce a ton of 
sodium carbonate by the Solvay process? 
Although an excess of some of these raw ma- 
teiials IS used in piactiee, base your calcula- 
tions upon the minimum quantities required. 

22 What weight of sodium hydroxide can be 
produced from two tons of sodium carbonate 
by the reaction employing calcium hydroxide? 

23 What weight of salt would be required to pro- 


all made fiom salt ) 

24 If the hydrogen chloride produced at the 
same time (see question 23) were dissolved 
in water to make a solution containing 36 
pel cent of HCl and having a density of 1 18, 
what would be the volume, in liters, of this 
solution? 

25 What weight of iodine will react with the 
sodium thiosulfate that can be produced from 
100 g of sodium sulAte"^ 

26. A sample of pure sodium carbonate was 
treated with excess hydrochloric acid, and 
the carbon dioxide liberated occupied a vol- 
ume (standard) of 224 ml What was the 
approximate weight of the oiiginal sample? 
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duce the sodium sulfate used in this country 
annually — 400,000 tons? (It is not, ho wevei , 
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SOLUTIONS OF ELECTROLYTES 

1 came to my professor, Cleve, whom I admire very 
much, and 1 said, “I have a new theory of electrical 
conductivity as a cause of chemical reactions ’’ 
He said, “ This is very interesting ,” and then he 
said, “Goodbye ” 

AERHENTUS 


1 Introduction 

At diffeient tiincH in our earlier discus- 
sions, we have used the teim ion, and we 
have leferied to solutions of different acids, 
bases, and salts as solutions containing loas 
We have learned to think of an ion as an 
atom or radical that possesses an elcctiical 
chaige Substances such as sodium chlonde 
aie ionized in then crystalline state, and 
atoms and molcculos of gases can be ionized 
by subjection to bombiudmeiit by elections 
or alpha patiudes oi by exposiue to X-rays 
In the study ol cheniistiy, howevci, we are 
concerned piimaiily with the ions that exist 
in solutions 

In the chapter dealing with atomic stiuc- 
tuie, we have learned that the electrical 
charges of ions are acciuiied when single 
atoms or the atoms of ladicals possess moie 
01 fewoi elections than the number they 
possess m their Ircc state A positive chaige 
lesults when an atom loses elections, a 
negative charge is aecjuiied when an atom 
gams eleelions The number of units of 
charge that an ion possesses is equal to the 
numbei ot elections that the atom has 
gained oi the numbei that it has lost Since 
substances such as sodium chloride and 
sodium hydi oxide are composed of ions even 
in the ciystallino form, it is reasonable to 
assume that these substances exist in solu- 
tions, also, as ions Acids, such as hydro- 
chloiic, may form ions when they leact mth 


molecules of the solvent (page 155) in which 
they dissolve, and they may also form ions 
when theji- leact with other substances 
(bases) that can accept protons fiom them 

This much we have already learned about 
ions in preceding chapters We shall now 
proceed to deal more specifically and more 
thoroughly with the subject of ionization and 
of the propel ties of solutions that contain 
ions Oiii ideas and thcoiies on this subject 
have changed matoiially as moie and more 
infoiination has been acquned concerning 
the behavioi ol such solutions After a 
biicf discussion of eaily views of the pioper- 
ties and behavior of solutions containing 
electrolytes, we shall hist study the compre- 
hensive theory of ionization toimulated bv 
Arrhenius at a time when little oi nothing 
was known about the structuie of matter and 
when all substances weie thought to be com- 
posed of molecules We shall then see how 
this theoiy has been modified, in some re- 
spects, to bung it into closer hairnony with 
oui knowledge of the stuictuie ol the atom, 
the stmctuies ot ciystals, and the general 
composition and behavioi of olectiolyLes 

2. Early Views on the Behavior of Electrolytes 

The terms electrolyte and non-electrolyte were 
first used by Faiaday in his investigations ol 
solutions as condiictois of the electrical cuiient 
Taiaday assumed that a boliitiou which conducted 
the cuiient contained particles moving through 
the hquid medium between the two electrodes 
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and caiiymg the current across with them It 
was almost necessary to think of these particles 
as themselves possessing electiical chaiges, in 
01 del to explain why some of them moved toward 
the negative eleotiode while otheis moved toward 
the positive electiode Faiaday teimed these 
paiticles ions, a name deiived from a Greek 
woid meaning “to go He called the ions 
which moved towaid the positive electrode 
(anode) anions and those which moved towaid 
the negative electrode (cathode) cations The 
cations weie thought, theiefore, to carry a posi- 
tive charge and the anions a negative chaige 
Faiaday believed that these ions weie pioduced 
from unohaiged molecules of the electiolyte 
undei the influence of the difterenoe oi potential 
between the two electrodes In other woids, it 
was thought that sodium chloride existed in 
solution as molecules until two electrodes, which 
wcie connected to the two terminals of a battery, 
wore immetsed m the solution, whereupon the 
potential between the eleotiodes pulled the two 
parts of the molecule away from each other. 
Many unoeitamtios existed m the theoiy It was 
difhoiilt to say whethci the diffeienoe of electiical 
potential between the eleotiodes split up all the 
electiolyte, oi if not, just what molecules, oi 
molecules in what pait of the solution, were 
affected One explanation which was suggested 
IS diagiamed in Figuie 191 It was said that 
the molecule neaicst the anode gave up a chloiine 
atom to be libeiated at this electiode; the mole- 
cule next in line then passed its chloiine atom on 
to the sodium fiom which the chloiine atom 
was first sejiaratod, and so on fiom molecule to 
molecule aoioss the solution Similaily, at the 
cathode the molecule ncaiest thus electiode 
allowed a sodium atom to be hbciatod, whcic- 
upoii tile molecule next in line shifted its sodium 
atom to the fiist, and so on fiom molecule to 
molecule This explanation did not meet with 
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any lasting favor, however, because many facts 
learned about conducting solutions soon made 
it evident that the passage of the cm lent and the 
impiession of the electiical potential between 
the two electrodes had nothing to do with the 
formation of ions in the solution It became moi c 
and more apparent that the solutions contained 
ions even before eleotiodes were placed in them 
The iccogmtion of this condition maikecl the next 
step in the development of the theoiy of ioniza- 
tion 

ARRHENIUS'S THEORY OF IONIZATION 

The conclusion announced in the last sen- 
tences of the preceding paragiaph was the 
cential idea that Svante Aiihenius presented 
m his doctor’s dissertation m 1887 IIis 
thesis concerned the behavior of solutions oi 
electrolytes, and contained scvcial assump- 
tions, all of which had to do with the inde- 
pendent existence of ions in solutions which 
conduct the cunent Until quite lecently, 
these assumptions constituted oui theoiy of 
ionization or electrolyse dissociation Foi 
several years Arrhenius’s thooiy seived as 
the sole guide and woiking hypothesis loi 
investigations into the pi opertics of solutions 
of electrolytes and into leactions between 
electiolytcs m solution, and even at pioscnt, 
it IS still extiemely useful and impoi Lant, al- 
though some of the original assumptions 
have been replaced by new and m some in- 
stances, radically diffeient concepts These 
changes aie to be logaided, howevei, as 
modifications of the original theoiy ot 
Aiihenius lathei than as paits of an entiiely 
new theory that has been evolved to explain 
the bchavioi of electiolytes m solution 

3 A Brief Summary of Arrhenius's Theory 

Before attempting to present the many 
lines of evidence that support it, we shall 
siimmaiize, very bnefly, the essential points 
in Airhenius’s onginal theoiy 

(1) Ions aie pioduced by the dissociation oj 
molecules of salts, acids, and bases ni ceitaui 
solvents, of which watei is the most impoitant 


ARRHENIUS’S THEORY 

(2) Ions aie clecti'ically chained When a 
molecule dissociates, it iiioducps one oi mote 
positively chai'sed ions and one oi moie nega- 
tively cliaiged ions The sum of the chaiges on 
nil the positive ions pioduced liy a molecule is 
equal to the sum of the chaiges on all the negative 
ions pioduced by the same molecule 

IICl — 

IIsSO, — +II+-l-SOr 

BaC'l, — Ha' ' + Cl" + CT 

The solution, thcieloie, remains clcctiically 
neutial 

(3) Those coinpounds whose aqueous solutions 
do not conduct the electiical cuiiciit do not pio- 
duee any ions 

(4) The ionization of an electiolyte is not com- 
plete excejit in cxtiemely dilute solutions In 
oidinaiy solutions the ions pioduced liy the 
dissociation of molecules aie iii oquilihiiiim nitli 
luidissoeiated molecules 

i-ici i-p -h cr 

Each electrolyte is assumed to have a speciftc 
ionizing tendency, hence, the peiccntages of the 
molecules of dilleiont elcctiolyles which must 
ionize to establish equilibrium ditfei widely The 
ability of the solution of an electiolyte to conduct 
the cuiiont is assumed to depend upon the degiee 
of ionization of the solute When the solution is 
made moie dilute, it is assumed that a gieatei 
quantity of the electiolyte exists m the ionic 
latliei than the molecular state, that rs, the pci- 
oentage ol ionized electiolyte increases In the 
more dilute solutions, the ions aie mote widely 
bcatteied, and the chances that they will meet 
and lecombine aie fcwci 

4 Evidence that Supported the Theory 

Let us now oxamine soinc of the facts 
upon which the tlieoiy ol Anhenius was 
based In studying these lucts, kt us undci- 
sland lliat we arc trtlei preLiru] them as Ait/w- 
mus did Latei, wo shall examine the same 
facts again and, in some instances, wc shall 
learn that somewhat dilloent inteipieta- 
tions are not only possible but ai’e now 
prefeiied For the present, however, we 
shall examine ceitain piopcities ol the solu- 
tions of clectiolytes just as Arrhenius studied 
them in 1887, and we shall see how he ex- 
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plained them and why ho explained them as 
he did 

5. Reactions Between Electrolytes in Solution 

One ot the fiist indications that salts, 
acids, and bases foitn ions in aqueous solu- 
tions was observed when the reactions of 
these substances in solution weie coinpaied 
mth the leactions of the same substances in 
the solid, OI diy, condition The effect of 
watei m piomoting the chemical activity of 
many substances has already been mentioned 
in several instances (eg, page 348) Some- 
times, as in some leactions involving oxida- 
tion, water appears to act as a catalyst In 
othei leactions involving (usually) double 
decomposition between salts, acids, and 
bases, water appears to make the double de- 
composition possible Reactions of this 
kind, which do not occui when the diy sub- 
stances aie mixed, occur easily and lapidly 
when the substances aio first dissolved in 
water and the solutions aie mixed In 
double decomposition, the reacting sub- 
stances, if they consist of molecules, must fust 
dissociate into parts oi molecules, and these 
parts then recombine m a different tvay to 
produce new substances Thus, m the reac- 
tion of sodium sultate and barium chloride, 
each substance appeals to dissociate fust into 
two pails 

Na2+|80r Ba^-^-|Clr 

Baiium then combines with the sultate radi- 
cal to pioduce baimm sulfate, which precipi- 
tates fiom the solution, since it is very 
slightly soluble It this substance is re- 
moved by filtiation, and the filtiate is evap- 
oiated to dryness, crystals of sodium chloude 
aie foi ined The lormation of the piccipitate 
ol baiium sullate is almost instantaneous, a 
tact which indicates that the barium and 
the sulfate particles exist in solution inde- 
pendently ol the othei paits of then oiigmal 
compounds, and that they do not have to be 
hbeiated as the icaction proceeds It finely 
powdered barium chloride and sodium sulfate 
are imxed, no noticeable reaction occurs, 



400 


SOLUTIONS OF ELECTROLYTES 


The failure of a reaction to occur under these 
conditions indicates that conditions for a 
double decomposition aie not favorable, 
Arrhenius intei preted this failure as an indi- 
cation that baiium and sulfate ions were pio- 
duced only in solutions of the salts, and that 
those pai tides theiefoie could not combine 
to foim barium sulfate until the original 
substances were dissolved 

A more dehnite and convincing example ot 
a similai chaiacter may be observed by 
mixing lead nitrate and ammonium chromate 
first in the dry, powdeied state and then m 
solution For the dry substances, theie is 
no indication of a reaction of any kind at 
01 binary tempeiature When the mixture is 
heated, a leaction does occur, changes m the 
coloi ot the mass become apparent, and 
gases, winch also may be coloied, are evolved 
But each substance acts in the same manner, 
when the mixture is heated, as it would if it 
were heated alone, in short, each decomposes 
more or less m its own way Lead nitrate, 
for example, decomposes to foim the oxide, 
fiee oxygen, and mtiogen dioxide (broivn) 

2 Pb(N03)2 — ^ 2 PbO + 4 NO 2 + Oi 

When solutions of lead nitiate and am- 
monium chi ornate are mixed, a very definite 
reaction occuis immediately, and a yellow 
piecipitate of lead chi ornate forms If lead 
chi ornate is removed by filtiation, and the 
filtrate is evaporated, ammonium nitiate is 
obtained as the other product of the reac- 
tion 

(Pb++ + 2 NO 3 -) + (2 NH 4 + -h CrOr) — 
PbCr04 j - 1 - 2 (NH,+ + NOa") 

Here again, double decomposition, which 
occurs very easily in solution, fails to occur 
m the dry state of the reactants The most 
plausible reason for the failure is that the 
parts of the original substances from which 
the products are formed are not free and 
intimately mixed in the solid state In 
.solution, the different particles appeal to be 
ready to combine as soon as the two sub- 
stances are mixed 


The particles of salts, acids, and bases 
that participate m double decomposition re- 
actions are the same particles of these sub- 
stances that migrate toward the electrodes 
when solutions of these substances are elec- 
trolyzed Thus, cupiic sulfate always reacts 
in aqueous solutions, whenever it takes part 
m a double decomposifion, to form a new 
copper compound and the sulfate of some 
other element 

(Cu++ -h SOW) + (Ba++ -f 2 Cr) — >- 

BaSOi ^ + (Cu++ -t- 2 cr) 

The same particles {’Cu++ and SOW) of 
ciipiic sulfate migrate toward the electrodes 
during the electrolysis of a solution of this 
salt In neither case do .such particles as 
Cu 8 and O 4 01 CuSO and O 3 ever appear 
Fuithermore, the baiiiim from any soluble 
barium salt 01 from barium hydi oxide, 
Ba(OH) 2 , and the sulfate radical from any 
soluble sulfate react always m solution to 
foim the same product (BaSOi) 

6 Reactions of Electrolytes and ot Non-Electro- 
lytes Compared 

Compounds whose solutions do not con- 
duct the electrical cuiicnt do not enter into 
double decomposition reactions at all read- 
ily, and many of them do not take part at 
all m this kind of chemical change The re- 
actions in which they do participate aic not 
as definite as the reactions that occur in so- 
lutions of acids, bases, and salts, noi can the 
results of such leactions be predicted as 
simply or as accurately as can be done for 
the reactions of salts, acids, and bases 
Furthermore, reactions between non-elec- 
trolytes are much slower, as a rule, than 
reactions between electrolytes 

Basing our arguments upon such facts 
as were luiown to Arrhenius, it would be 
possible, of course, to assume that reactions 
between electrolytes in solutions involve 
whole molecules of the reactants, but our 
assumption would not be at all probable 
If it were, a reaction could not occui until 
the necessary number of molecules of each 
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kind met The molecules would then have to 
dissociate into paits before the new sub- 
stances could be formed, and the course of 
the leaction would therefore involve several 
steps, the final pioduct could be formed only 
aftei the fiist steps had occiiried It is diffi- 
cult to believe that, reactions could be as 
nearly instantaneous as most of the reac- 
tions ol elccti olyt es are, if they followed such 
a step-by-step course 

It IS inteiesting in this connection to compaie 
the reaction of two elcctiolytes, such as hydio- 
chloiic acid and sodium hydioxide, with the re- 
action between acetic acid and ethyl alcohol 

HCdbO. H- C,I-LOII — 1- ChlhCjHaO, + HOH 

The foimci is inactically instantaneous The 
second leactiou piocecds veiy slowly, at oidmaiy 
teinpeiiituie, it is going on even aftei seveial 
weeks Both leacUons aie double decomposi- 
tions nic dilfoience in speed must result fiom 
differences m the nunibei of pai tides that are 
fieo at any one time to foim the pioduots of the 
reaction I'ltliyl alcohol is classed as a noii- 
electiolyte, and hence we should not expect to 
find, eitliGi m the |Hiie state oi lu solution, that it 
contains ethyl and hydioxyl particles The fact 
that the reaction in which these ladicals combine 
with the H"' and CiIi,iO;“ particles of acetic acid 
IS extiemcly slow is a fair indication that ethyl 
alcohol does not dissociate into such pai tides m 
solution 

Another inter efeting example of the differ- 
ence between electrolytes and non-electio- 
lytes IS shown m the behavior ot sodium 
chloride as compaicd with carbon tetra- 
chlondc ((Kill) or ehloiofoiin (CHClj). Any 
soluble chloiulc, such as NaCl, reacts imme- 
diately in solution with silver nitiate to 
form silver chloride, wliich precipitates as a 
white, “curdy” substance, but when silvei 
nitrate is added to caibon tetrachloride or 
chlorotoini no such leaction occuis This 
can only mean that in substances such as 
sodium chloride, the chloiine is lelatively 
flee to combine with silver, and that the 
silvei of silver nitiate is free to combine 
With chlorine, but m carbon tetrachloride 


and chloroform the chlorine is not free, and 
silver chloiide cannot be formed 
All of the diffeiences that we have noted 
between the bchavioi of electrolytes and non- 
electrolytes indicate that the foimer pioduce 
ions in then solutions and that the latter do 
not It must bo admitted, however, that the 
evidence fiom this source is not entirely con- 
clusive The suggestion that ions must be 
present m certain solutions and absent in 
oLheis encourages a seaich for moie conclu- 
sive evidence m other directions Such 
evidence is not difficult to find 

7 Abnormalities of Solutions of Electrolytes 

One of the most impoitaiit lines of evi- 
dence that led Airhcnms to conclude that 
solutions ot salts, acids, and bases contain 
ions deals with the vapoi piessuies, boiling 
points, freezing points, and osmotic pres- 
suies of these solutions From oui study 
of solutions we have found that veiy definite 
regulautics may be expected of solutions 
with lespect to these foui physical piopei- 
ties To be exact, we have learned Lhat all 
solutions which contain one (jram-molecular 
weight of any suliUe in 1000 g of a given sol- 
vent should have, ij the solute is composed of 
molecules and if these molecules remain chemi- 
cally unchanged when the solution is made, 
the same vapor pressure, boiling point, freezing 
point, and osmotic pressure We have mter- 
pieted these regularities as meaning lhat the 
effect of the solute in each of these fom le- 
spects IS proportional to its mole fraction m 
the mixtuie, the effect ot the solute in lower- 
ing the freezing point of the solvent, foi ex- 
ample, depends only upon the number ot 
molecules (oi pai tides) of the solute mixed 
with a ccitaiii number of molecules (the 
number in 1000 g ) of the solvent The 
molecules of one substance produce the 
same effects as the molecules of another sub- 
stance 

When we observe the vapor pressures, 
boilmg points, freezing points, and osmotic 
pressures of solutions ot electrolytes, \ye hnd, 
howevei, that these regularities no longer 
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exist We call these depaituies fiom the 
noimal or regular behavioi of solutions the 
ahnormahhes displayed by solutions of elec- 
tiolytes, and upon them lests one of the most 
decisive arguments m favoi of the ionization 
theoiy Let us consider specific cases 

8. The Abnormal Boiling Points of Solutions of 

Electrolytes 

We might expect that a solution contain- 
ing one giam-molecular (or gram-foimula) 
weight of sodium chloiide m 1000 g of watei 
would boil at the same temperature as a 
sugai solution of the same concentration, 

1 e , it should boil at 100 52° Tins would 
be line if, as Aiihemus thought, sodium 
chloiide weie composed of molecules, and 
if these molecules weie not changed into ions 
when they dissolved m watei The solution 
ot sodium chloride boils, however, at 100 07°, 
and the elevation (0 97°) of the boiling point 
is almost twice the elevation pioduced by a 
gram-moleculai weight of sugar dissolved in 
the same weight of water How can this be? 
Arihenius answered this question — still 
assuming that undissolved sodium chloiide 
IS composed of molecules - - as follows 

(1) The elevation of the boiling point depends 
solely upon the lelative numboi of pai tides of 
solute mixed with a definite numbci of molecules 
of the solvent This geneial piinciple appears 
almost oeitamly tiue as ne study the effect of 
non-electiolytes upon the boiling point of the 
solvent 

(2) Giam-mnleciilar weights of all substances 
contain the same number of molecules Hence, if 
we dissolve giam-moleciilai weights of sugai and 
salt m the same weights of watei, we should foim 
solutions containing the same number of mole- 
cules These solutions should boil, theiefoie, at 
the same tempeiatiire But they do not 

(4) The boiling point of the salt solution indi- 
cates, m accoulance vvith (1), that this solution 
contains almost twice as many solute pai tides as 
the sugai solution 

(4) The conclusion leached in (3) can be tiue 
only il almost all of the molecules of salt — if 
salt IS composed of molecules — bieak up m the 
solution, each molecule foimmg two pai tides. 


and if each particle has the same effect as a whole 
molecule of sugai The fact that the elevation 
of the boiling point is not quite twice as great as 
the elevation caused by an equal numbei ol sugar 
molecules indicates that not all of the molecules 
of salt bleak up in the solution The solution 
may theiefore contain some molecules that aie 
not ionized 

NaCl Na+ + Cr 

The elevation ol the boiling point for a 
solution contaimng one giam-moleculai 
iveight of calcium chloride (CaCL) in 1000 g 
of watei IS between two and thiee times as 
gieat as the elevation produced by one giam- 
moleculai weight ot sugai This abnoimal 
effect cau be explained if we assume that 
almost all ot the molecules of calcium chlo- 
ride break up mto thiee ions each 

CaCb i=± Ca^^^ + cr + cr 

Similaily, the elevation of the boiling point 
for a solution contaimng one giam-inolecular 
weight of feme chloiide (FeCU) in 1000 g 
of watei approaches foui times the normal 
elevation In other cases, the elevation is 
only a veiy little moic than the noimal ele- 
vation of 0 52°, but it IS definitely gi cater 
than this value Only a veiy few of the 
molecules of the solute in these solutions 
appear, theiefore, to ionize 

9, The Abnormal Freezing Points of Solutions of 
Electrolytes 

The loweiing of the freezing point of watei 
by non-eleetiolytes is as regular as the ele- 
vation of the boiling point Molal aqueous 
solutions of sucrose, glucose, and glyceiine 
fieeze at —1 86° But foi solutions of elec- 
trolytes abnormal lowering ot the fioezmg 
point is observed, and the extent to which 
the effect is abnormal is of the same order of 
magmtude as the abnormal elevation of the 
boiling point by the same solute Thus, the 
freezing point of a solution contaimng one 
giam-molccular weight of sodium chloride 
in 1000 g ol watci is —8 42°, which is almost 
twice the noimal lowering of the freezing 
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point in a molal solution 
3 42 , , 

— ■ = 1 84 times as gieat 
186 


It is actually 
Heie again, we 


must assume that almost all of the molecules 
m the gram-molecular weight of salt — if it 
consists of molecules — hicak up to foim 
two pai tides (ions) each The ratio ol the 
loweiing of the li cozing point foi the sodium 
chloride and foi the same concentiation of a 
non-electrolyte is appioximatoly the same as 
the latio ol the elevations ot the boding point 
in the two solutions The latter latio is 
n Q7 

= 1 84. The iact that the two ratios 

0 52 


are approximately equal indicates that the 
same numbci of pai tides are present in the 
sodium chloiide solution at the lioilmg and 
freezing points ot the solution 


1 0 The Osmotic Pressure of Solutions of Electro- 
lytes 

We have learned (page 212) that the os- 
motic piessuie of dilute solutions of iioii- 
elcctiulytcs is diicctly pioportional to the 
numbei of molecules of solute present in a 
solution containing a fixed numboi ot mole- 
cules of solvent Wo hav(' seen, also, that 
solutions coiitamuig the same number of 
molecules of ddlerent iion-olcctrolytes (per 
1000 g ot solvent) have the same osmotic 
piessuie These solutions must thciefore 
contain the same number of particles ol the 
chffeient solutes 11 we compaie the osmotic 
pressures ot solutions ot non-dcctiolytes 
with those ol solutions eontaming the same 
molal concentrations of acids, bases, and salts 
the lattei aio iouiid always to be gieater 
than the foiniei Once again wo must con- 
clude that the solutions ot dectiolytes con- 
tain a grcatcT numbei of pai tides than cor- 
responds to the moleciilai concentration, and 
that at least some ol the solute molecules 
ionize in the solution Since the osmotic 
piessure depends upon the relative numbei 
of particles of solute, each ion has the same 
effect upon the osmotic pressure as an entire 
molecule would have 


11. The Molecular Weights of Electrolytes 

The moleoulai weights of non-electiolytcs can 
be deteimined from the boiling points and fiecz- 
mg points of then solutions m suitable solvents 
This method was described and illustrated m the 
chapter that deals with solutions (page 212) 
When the same method is applied to salts, acids, 
and bases, the moleculai weights calculated from 
fieezmg- oi boiling-pomt data aie always too 
small We should expect such lesults, since the 
method ot detei mining the moleculai weight lests 
upon the piinciple that a definite numbei ot pai- 
ticles (6 02X 10“) will pioduoo a definite eleva- 
tion of the boiling point (0 52° foi watei) and an 
equally definite loweung of the freezing point 
(1 86°) when dissolved in 1000 g of solvent 
Now the ions which aie pioduced in solutions of 
electrolytes have the same effect upon the piop- 
eities of the solution as whole molecules The 
fieezmg point ol a solution containing m all 
6 02 X 10” sodium and chlouilc ions in 1000 g 
of watoi would be —1 80° Hiiiiilaily, a .solution 
coiitauung the same weight ot watei and a total 
of 6 02 X 10” sodium ions, clilonrle ions, and 
sodium chloude molecules would liecze at the 
same tempeiatuie It is evident, theiefoie, that 
we cannot take the weight of sodium chloude, oi 
the weight of any othei elcctiolyte, which loweis 
the fieezmg point of 1000 g of watei to —1 86°, 
as the gram-moleculai weight, li by the giam- 
molcciilai weight wc mean the weight ol the sub- 
stance that coutams 6 02 X 10” molecules of the 
substance 

A solution containing 58 46 g (the giam- 
moleculai weight) oi sodium clilonde in 1000 g 
of watei heezos at —3 42° Using the oidmaiy 
pioceduie loi calculating moleculai' weights, wc 
should set up the following piopoitioii and solve 
foi V, the moleculai weight of sodium chloude 

3 42° 186° 58 46 x 

1 = 31 8 


Fiom this evidence alone, wo should conclude 
that the moleculai weight ol .sodium chloude i.s 
318 This numbei couesponds, howcvci, to an 
impossible formula — appi oxiinately Nai^Cli^ — 
and cannot be conect, the simplest possible foi- 
mula IS NaCl, which coi responds to a moleculai 
weight of 58 46 The difficulty aiises, evidently, 
becaiLse the 6 02X 10” pai tides that lower the 
freezing point to —1 86° consist of appioximately 
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3 02 X 10“ sodium ions and 3 01 X 10“ chloride 
loiib and not 6 02 X 10^'* molecules of sodium 
cliloi ide 


12 Percentage of Ionization 

i'lom the data piesented above, it is pos- 
sible to calculate — upon the basis of Arrhe- 
nius's Iheoiy — the. percentage of sodium 
chloiide molecules in the molal solution that 
ionize and the percentage of those that do 
not It the solution fi oze at — 1 86°, it would 
be evident that the number of particles (in 
1000 g of water) corresponds exactly to the 
number of molecules in a gram-moleculai 
weight of the solute, hence we should decide 
that none of the molecules in this solution 
is ionized To take the other extreme, if 
the freezing point of the solution were —3 72° 
it would appear that each molecule produces 
two ions, and that 100 pei cent of the mole- 
cules are ionized Actually, the freezing 
point IS -3 42°, which is between -1 86° and 
-3 72° Hence a number of molecules, some- 
wheie between zeio and 100 pei cent of the 
entile number piesent, appeal to be lomzed 
The apparent percentage of ionized sodium 
chloride can be calculated easily from these 
facts If the solute were completely ionized, 
the lowering of the fieezing point in excess of 
the normal value would have been 3 72° — 
1 86° = 1 86° Instead, the fieezing point 
is lowered 3 42° — 1 86° = 1 56° more than 
it would be if no sodium chloride were ion- 
ized The pcicentage of ionized solute is, 


1 56 

theiefoie, X 100 = 84 per cent 


Foi some solutes the fieezing points of 
molal solutions are only slightly lower than 
— 186° The percentages of ionization ot 
these substances are very small, such sub- 
stances are classified as weak electrolytes 
From freezing-point data, it may be shoivn 
that the apparent degree of dissociation of 
acetic acid (molal concentration), foi ex- 
ample, IS only about 1 3 per cent The 
apparent degrees of ionization of other salts, 
acids, and bases are given in Table 23 on 
page 437, 


13 Heats of Neutralization 

When equal volumes of solutions contam- 
mg equivalent weights of different stioiig 
acids and different strong bases aie mixed, 
and the acids and bases neutralize each 
othei, experimental results show that piac- 
tically the same quantity of heat is libeiated 
in each leaction 

The following reactions aie foi noimal 
(1 N) solutions of very strong, or active, 
acids and bases (The equations are written 
as Arrhenius would have wiitten them in- 
stead of m the ionic form that we use else- 
where ) 

HCl -f NaOH — y NaCl + H^O -f 13,700 cal 

HNO, -I- NaOH — y NaNOs -1- HjO -f 13,700 cal 

HCl + KOH y KCl -t- HjO -|- 13,700 cal 

HNO, -f ICOH — >. KNOa -1- H 2 O + 13,700 cal 

The liberation of the same quantity of 
heat by each of these chemical reactions in- 
dicates that one change, and only one change, 
occuis in each case As the only reaction 
common to all is the one between hydiogen 
and hydioxyl groups to form molecules ot 
watei, we must conclude that the constant 
heat of neutralization is the heat liberated 
when 18 016 g of water is produced from 
the 10 ns If ti uc, this statement means that 
both the base and the acid, as well as the 
salt, exist in the solution as independent 10 ns 
If the molecules of base and acid fiist had to 
be separated into ions, and if these 10 ns then 
combined to foim the salt as well as water, 
we could not expect that the different re- 
actions would show the same ultimate heat 
change In each reaction the only change 
that occuis IS the formation of a molecule of 
water fiom hydrogen and hydroxyl 10 ns 
Foi each gram-molecular weight of watei 
thus produced, 13,700 calories are liberated 
We shall write the equation, therefore, to 
show that the acid and the base exist m the 
ionic state in the beginning, and that at the 
end we have ions of the salt and molecules 
of water 

(H+ -h C1-) -h (Na+ + OH-) — >- 

(Na+ -f C1-) -1- H,0. 
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Here is one argument, therefore, to justify the 
ionic form of equations that we have used pievi- 
ously and shall continue to use for reactions of 
strong electrolytes If there is logic in this 
argument, we should expect to find that weak 
acids and weak bases libeiate variable quantities 
of heat upon neutialization In these cases we 
should expect that some enei gy would have to be 
expended to separate the ions before the neutral- 
ization reaction could occur. Like other reac- 
tions, some of these changes might be exotheimic 
and some endothcimic Hence, the ultimate 
heat effect may be greatei than the constant heat 
of neutralization of strong acids and sti oiig bases, 
01 it may be less The heats of neutralization 
of a few weak acids and bases aie shown below 
These values aie foi equivalent weights and as- 
sume faiily dilute solutions In the equations 
below, stiong electrolyte.s like sodium hydioxide 
are shown by ionic foimulaa, but weak electio- 
lytes like hydiofluoric acid aie shown by molecu- 
lar foimulaa 

(Na+d-OIIi + IIT — i- 

(Na+ -b P-) + I-I2O -t- 16,270 cal 

qisutia hbenited as IIF lonuea ) 

(Na+ + OII-) + H5CO,— 

(Na-» -b HCOr) -b HsO -b 11,010 cal 

qiottt IS absorbed bj tlio reaetioil, IIjC'Uj -* 11+ -p HCOj” ) 

(Na+-bOII-) + IIC10 — )- 

(Na"*" -b C 10 ~) -b H2O + 9980 cal 

Uleat IS absoibed by tbi. leaotioii, llC'lO -> II ' -b CIO' ) 

(Na^+0H-)-bH2H— F- 

(Na+ -b IIS-) -b I-I2O -b 7740 cal 

(Heat IS absorbed by the leaoLion, IIjB — r 11+ + H8' ) 

14. ThermoneutraDy 

Let US consider a solution m which both 
potassium chloiide and sodium nitrate aie 
piescnt If this solution is evapoiated at a 
relatively high teinpcratui e to diive oil a 
poition of the watci, and then cooled to 10°, 
crystals consisting chiolly of potassium ni- 
hate will loim We might conclude, theie- 
lore, that the following leaction occuis' 

KCl + NaNOs — KNOa + NaCl 

If the two salts in the beginning and those 
at the end ot the reaction exist in the molecu- 
lai state, we should expect some heat change 
to be evident as the leaction takes place 
We might expect energy to be lequiied to 


separate potassium chloride and sodium 
nitiate into their ions and perhaps a release 
of energy when these same ions combined 
again to form the two pioducts The ulti- 
mate effect might be, of coiiise, either a posi- 
tive oi a negative heat of reaction. But 
strangely enough, solutions of these two sub- 
stances (KCl and NaNOj) may be mixed 
without any obseivable heat change at all 
This lesult can have only one explanation no 
reaction occuis in the dilute solution of these 
substances We must think of the separate 
solutions of KCl and NaNOs as containing 
K+ and Cl“ ions and Na+ and NOW ions, re- 
spectively When the solutions aie mixed, 
all foiii ions lemain m their independent 
states, and here is no combination to form 
molecules ol KNO3 and NaCl It is only 
when the solution is concenti atecl, by evap- 
oiation, that obseivable pioducts of the 
leaction are obtained m the toim of eiystals 
of one or more substances 

15 Electrolysis 

Thus far, the evidence which has been dis- 
cussed in lavor of the tlieoiy ol ionization 
does not indicate that the pai tides produced 
m solutions ol dcctiolytes aie electiicallv 
charged The evidence that 10ns ai e chai ged, 
and also intoimation concerning the magni- 
tude of their chaiges, is obtained by study- 
ing the electrolysis and electucal conduc- 
tivity ol the solutions that contain tliem 

Let us consider the elcctiolysis of a solu- 
tion of hydiochloiic acid Let us assume that 
this solution does contain positively chaigcd 
hydiogen 10ns and negatively chaiged chlo- 
iide ions Molecules ol hydrogen chloiidc 
may or may not lie present, we aie not es- 
pecially concerned with that question at this 
time, because such molecules, being without 
chaigc, would play no pait directly in elec- 
trolysis The two electrodes aie connected 
to the two terminals ol a stoiage battery, oi 
to some other source of direct cuirent, which 
maintains a difference of potential between 
them In an oidinary, thiee-cell stoiage 
battery this diffeicnce of potential is about 
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SIX volts As soon as the electrodes are 
placed in the solution, hydrogen nngiates 
toward the cathode, and chloiine toward the 
anode At the electrodes, the two elements 
aie changed from the condition in which they 
exist in a solution of hydrochloric acid to the 
flee state, and they then escape as gases 
fiom the solution 

We note, hist, that the hydiogen and chlo- 
iine must be m a different state in solution 
as compaied with then condition after they 
are liberated at the electiodes, there is no 
indication, for example, that the solution 
contains free chloiine Secondly, there is 
clear evidence that some change oeciiis at 
the electiodes, a change that conveits them 
from one state into the other In the third 
place, we note that in the solution the two 
elements must be more or less independent of 
eaeh other beeause one moves towaid one 
electrode and the other moves towaid the 
other electrode Why should hydrogen 
move toward the electiode upon which the 
battery maintains a negative chaige, unless 
its atoms in the solution are positively 
charged'? Similarly, must not the chloiine 
atoms possess negative charges, since they 
migiate always towaid the positive elec- 
trode'? In what other respect could hydio- 
gen and chlorine atoms in solutions differ 
fi om the fi ee atoms of these elements^ If the 
two kinds of atoms are oppositely chaigcd 
m the solution, they must be uncombmed 
If they existed in the form of molecules of 
HCl, the chaige of one would neutralize the 
charge of the other, and the electiically 
neutral particles would not be attracted by 
the electiodes For an explanation of elec- 
trolysis based upon piesent-day mfoimation 
legal ding electrolytes, refer to page 1 10 

1 6 Are Ions Produced only when an Electrical 
Potential is Impressed Between the Elec- 
trod es® 

Our explanation of electiolysis and the 
electiical conductivity of solutions m the 
preceding section appears to be the only 
reasonable inter pi etation of these phenom- 


ena, and the fact that it fits the case so well 
indicates convincingly that ions must exist 
in conducting solutions One question, how- 
ever, remains unanswered. When are these 
ions produced? Is it possible that they are 
pioduced when molecules are pulled apart 
undei the influence of the potential differ- 
ence that the battery maintains between the 
two electrodes? This question is answered 
m the negative, and the reasons for this 
answer are based upon the following consid- 
erations. 

17. Faraday's Laws of Electrolysis 

One of the most important contributions 
made by Michael Faraday to physical science 
has to do uath electrolysis The laws that he 
formulated on this subject can be summar- 
ized by the following geneial statement 
The quanhly of any ton liberated dunnq the 
electrolysis of any electrolyte depends upon the 
quantity of electricity that passes though the 
solution, the same quantity of eleclncity liber- 
ates equivalent quantities of different ions 

The quantity of electricity consumed in an 
opeiation is measiued m teims of coulombs A 
quantity of clootucity amounting to one coulomb, 
flowing through a conductoi foi one second, is 
called a cuirent ot one ampeie FJectiical eneigy 
depends upon two factois One ot these lepie- 
sents the quantity of electiicity and is measuied 
in coulombs The otliei is an intensity tactoi, 
wliicli i.s measured m teims of volts The volt is 
the unit of potential diffeience (elooti emotive 
force) wluoh exists, foi example, between the two 
electiodes of an electiolytic cell We shall sjieak 
ot voltage in connection with electiolysis m a 
latei section Faiaday's law is concerned only 
with coulombs, oi the faiantity of electiicity 
The two factois tlmt detoiiiime electiical oneigy 
may be compaied louglily with the two factois 
that deteimine the eneigy pos.sessed liy walci m 
flowing from a highei to a lowei level Hoie the 
quantity factor is measuied by the amount of 
watei tiansfeiied fiom one position to anothci 
The intensity factor depends upon the diffoience 
between the two levels If the levels aie the 
same, the intensity factor is zoio 

To liberate 1 008 g ot hydrogen fiom a 
solution of any acid, 96,500 coulombs of 
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electricity must be used The same quan- 
tity of electricity tviII liberate one gram- 
atomic weight of any univalent element 
Now gram-atomic weights of all elements 
contain the same number of atoms Hence 
we may conclude that the same quantity 
(96,500/6 02 X 10"'’ coulombs) of electiicity 
IS required to convcit one atom of any uni- 
valent element fiom the ionic foim into the 
fiee state For divalent elements, 96,500 
coulombs liberate one half of an atomic 
weight, loi bivalent elements, one thud of 
an atomic weight, and so on Thus, the pas- 
sage of 96,500 coulombs thiough diffeient 
cells containing silver sulfate, cupiic sulfate, 
antimony chloudc, and ferric chloiide, hy- 
diochloric acid, and sulfuiic acid will lib- 
el ate at the cathodes of these cells 107 88 g 
of silvei, 31 78 g of coppei, 40 59 g of anti- 
mony, 18 61 g of lion, and in each of the 
last two cells, 1 008 g of hydiogen At the 
same time that Iheso weights ot the metals 
01 hydiogen are liberated at the cathode, the 
other paits ol those comiiounds aic dis- 
charged at the anodes or, if these siilistances 
themselves aic not hbeiated, oxygen is set 
free (in aqueous solution) 

18 An Explanation of Faraday's Law 

Since twice as much clectncity (twice as 
many coulombs) is icquiied to discharge 
one giara-atomic weight of a divalent ele- 
ment as is leqiuicd to discharge a giam- 
atomic weight of hydiogen, oi any univalent 
element, there must be twice as much elec- 
tricity on each ion of the forinei as there is 
on an ion of tlic latter This condition is 
icpicsentcd in the loimulas of the diU'eient 
ions Thus, we write the foimulas of feiious 
and cupric ions as and Cu++, lespec- 
tively, fcii'ic and antimony ions (from SbCb) 
are and hydrogen and silver 

ions are IF*' and Ag+ 

When w’c recall that the atoms of all uni- 
valent (positive) elements lose a single elec- 
tion each, it is not surprising that the same 
quantity of electricity is required to liberate 
an equal numbei of atoms ot any ot these ele- 


ments The atoms of a divalent element lose 
two electrons each It is therefore easy to 
understand why the same quantity of elec- 
tucity will liberate only one half as many 
atoms of a divalent element as ot a umvalent 
element Judging fiom the quantities of 
electricity required to discharge atomic 
weights of hydrogen and cupric ions, for ex- 
ample, it appears that the quantity of elec- 
tncal charge on each cupric ion is twice the 
quantity on each hydrogen ion This con- 
clusion agiees completely with our ideas 
of the charges that these ions cany and the 
manner in which these charges arc acquired 
by the atoms 

19. Decomposilion Voltage 

Wc have seen that the same quantity of 
electricity will dischaige an equal number 
of all umvalent ions, one half as many di- 
valenl ions, etc. This is tine regardless of 
the length of time that the cuiiont passes 
thiough the solution and regaidless of other 
conditions such as tempeiatui'e and concen- 
tiation This fact, on fiist thought, might 
lead us to the conclusion that ions are present 
m the solution from the beginning and aie 
not produced when the electrodes arc placed 
in the solution We believe this actually to 
be the case, but Faraday’s law does not 
piove it to be so If molecules had to be 
pulled apart to produce ions, we should 
expect that diffeicnt quantities of electrical 
energy would be requiied to liberate the ions 
fiom different molecules As already pointed 
out (page 408), the quantity of electrical 
energy consumed depends upon the voltage 
(oi electromotive force) between the elec- 
trode as well as upon the numbei of cou- 
lombs of clectncity used Hence, until we 
have also investigated the voltages required 
to liberate different ions, wc cannot be sure 
that ions aie not pioduced by the use of 
electneal oneigy to dissociate molecules 
It is true that a certam minimum electro- 
motive force IS lequiied to liberate the ions 
of a given electrolyte at the electrodes of an 
electiolytic cell The minimum electromo- 
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tive foice required for a given electiolyte 
IS called tire decomposition voltage foi that 
substance and is dilfeient for different elec- 
tiolytes Nevertheless, it is still possible 
to consider the ions as existing independ- 
ently at all times in the solution That 
different voltages aie required to liberate 
ions cairying the same number of units of 
chaige does not mean, necessarily, that dif- 
ferent amounts of electrical energy are re- 
quired to separate the ions from those of 
the opposite chaigo in the solution Let us 
see whether or not a more reasonable ex- 
planation of minimum decomposition vol- 
tages can be offered 

20 Polarization 

Let us consider a cell containing a solu- 
tion of hydrochloric acid If the electiodes 
aie made of platinum, the hydiogen and 
chlorine that are liberated collect upon the 
electiodes after a shoit time These ele- 
ments have certain tendencies to change 
back to ions, and if they do so, these changes 
produce effects which aie exactly opposite to 
the effects produced when the ions aie dis- 
charged Indeed, it the battoiy is discon- 
nected fiom the cell, the lattci acts foi a 
shoit tune as a battery itself The hydrogen 
that has collected at the cathode ionizes and 
passes back into the solution as positive 
ions, leaving the electrode with a negative 
chaige At the other electrode chloiine 
passes into the solution as negative ions and 
leaves that electrode wnth a positive charge 
Hydiochlonc acid is thus leprodiiced and 
the effect ot these reactions upon the voltage 
betireen the electrodes is cleaiiy the oppo- 
site of that which must be m opciation to 
dischaige hydiogen ions at the cathode and 
chloiidc ions at the anode The effect of 
the liberated elements in pioducing an elec- 
tromotive foice, and theiefoie a current 
which opposes that supplied by the batteiy, 
IS spoken of as a revei’bC electiomotive foice 
When this happens the cell is said to be 
polanzed 


21. An Explanation of Decomposition Voltage 

If hydrogen and chlorine aie to be lib- 
erated continuously, it is evident that the 
electiomotive force maintained between the 
electrodes by the battery must be sufficiently 
great to overcome the reverse electromotive 
foice pioduced by the elements In other 
words, the tendency of the elements to re- 
lonize must be overcome by supplying a 
voltage which is sufficiently great to dis- 
chaige the ions in spite of this tendency 

In the same connection let us consider, also, 
the electiolysis ot solutions containing equivalent 
weights ot zme chloride CZnCb) and cupiic chlo- 
ride (CiiCb) We find that a highct voltage is 
leqmied to deposit metallic zinc at a platinum 
electiode from the solution coiitciniing zinc ions 
than is needed to change cupiic ions into metallic 
coppei This is because atoms of metallic zinc 
have a gieatei tendency than coppei to lose 
electrons, and thus to dissolve again as ions 
When a solution of zinc chloiide is clectiolyzed, 
zinc IS deposited on the cathode, chloime is lib- 
erated at the anntlo and tends to collect on that 
electiode The zme and chlorine which aie thus 
liheiated have a ceitam tendency to [lass back 
into the solution as ions This tendency is 
opposed by the eleotminotivo foice winch is re- 
sponsible foi the electiolysis of zinc chloride. 
If electiolysis is to pioceed conimuously, this 
leveise tendency must be oveicome by an elec- 
tromotive force which is supplied by the batteiy 
and which acts in the opposite direction — that 
IS, in the direction which results in electrolysis 
Tor the solution ot cupiic chloiide, this requned 
voltage is smaller than foi zinc chloride, because 
coppei has less tendency to pass back into solu- 
tion as cupiic ions 

In like manner othoi differences in de- 
compchsitiori voltages can ho explained upon 
the basis of ditfei prices in the ionizing tend- 
encies ol dilfeient elements Upon final 
analysis, thc.so dilfeiences depend upon the 
relative ease wnth ivhich the atoms of difler- 
eiit elements give up elections and become 
positive ions, or in the case of the non-metals, 
gam electrons and become negative ions 
Hence, we find a plausible and natiiial ex- 
planation of decomposition voltages, which 
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does not in any way make necessaiy the 
conclusion that electrical energy is lequiied 
to pull apait the molecules of an electrolyte, 
thus producing the ions that aie discharged 
at the electiocles 

If a solution of cupuc cliloiide is elcctiolyzed 
111 a cell 111 which the electiodes aie made of 
copper, we find that no miinraiim electromotive 
foi ce need be sup]ilied by the batteiy Even a very 
feeble current opeiated at very low voltage will 
allow electrolysis to inocced continuously As 
in cells in which platinum electiodes arc used, 
cupuc ions initiate towaid the cathode and aic 
disohaiged, metallic coppei being deposited 
The ohloiide ions rmgiate toward the anode, and 
instead of being dischaiged, react with coppei 
to reform cupuc chloiide The ultimate effect, 
therefoie, is to dissolve coppei at the anode and 
deposit it at the cathode The composition of 
the electiolytic solution icrnains unchanged 
There aie no levetsc electiomotivc effects m this 
cell, hence, the only woik which must be clone by 
electricity is to cause the two kinds of ions to 
migiate toward the electrodes The same condi- 
tion IS found in otliei cells ol a similai natiiic, i e , 
cells m which the electrodes leact and the com- 
position of the solution ic'maiiis unchanged 
Electrical eiieigy is icciuued only iii voiy small 
(luantitios in any ol these cases and is used only 
to oveicoine the lesistnnce which the ions en- 
countei 111 then migiation It the ions had to be 
torn loose from the molecules m which they 
exist, a immmiim voltage would be recpiired in 
such cells as in the others which we have men- 
tioned This decides the question at issue beyond 
seiious doubt Ions must exist in electiolytic 
solutions at all times and arc not piodiiced by 
impicssmg a I'cciniied loltage lietween electrodes 
m the solution 

22 Electrical Conductivity 

Hmcc solutions of salts, acids, and bases 
act as conductois of the electiic ciinent, we 
may speak of then conductivity in the same 
sense as we speak of the conductivity of a 
copper wire To measure the conductivity 
of a solution, we determine its elcctncal re- 
sistance by comparing the resistance of the 
solution with that of a metallic conductor for 
which the resistance is accuiately known. 


The unit of lesistance is the ohm and the 
umt of conductivity is the reciprocal ohm, 

( ! ) 

\numbei of olims / 

The quantity of current carried by the 
solution m a given peiiod of time is de- 
teimined by the niimbei of ions that leach 
the electiodes Eveiy kind oi ion acts moic 
or less independently and, under constant 
conditions, moves with a definite velocity, 
legardless of the substance from which it was 
pioduced However, as we might expect, 
the migiation velocity does vaiy with 
changes in the voltage and with the concen- 
tration ot the solution 

Diffeienccs m the migiation velocities of 
different ions can be shown by means of the e\- 
peiiment pictuied m Figure 192 This figure is 



Figure 192 An Experiment to Demonstrate Differences 
in the Migration Velocities of Ions 

The U tube is filled with gelatine or agar The lower 
half of the |elly contains cupric sulfate m each arm of the 
lube In the upper half of the left arm (A) there Is present 
a small amount of barium chloride When a current flows 
through the solution; the cupric ions, which are colored blue, 
migrate toward the cathode, thus extending the region of 
blue color in this direction The rale at which this change 
occurs IS a measure of the migration velocity of Ihe cupnc 
ton. The sulfate Ions migrate toward the anode and at A 
react with barium ions to form insoluble barium sulfate. 
The formation of this precipitate allows us to follow the 
migration of the sulfdte Ion in this arm of the tube. 
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.self-ox'planatory The veloeities of diffeient Jons 
may l)e compaied by noting the relative dis- 
tances they tiavel fiom their souice in the same 
peiiod of time The distance a given ion ti avei ses 
IS denoted by the relative quantity of the medium 
in which it produces a change in coloi 

We should not think of the ions m a solution as 
moving as rapidly as molecules of a gas Their 
migration velocities are really veiy slow Hydro- 
gen ion, which has the highest velocity, migiates 
(at 18°) 11 74 cins per hour in a veiy dilute 
solution under the influence of one volt IJndei 
the same conditions, hydioxyl ion migrates with 
a velocity of 6 5 cms pei lioui , and sodium ion 
with a velocity of only 1 6 cms pei houi 

Since each kind of ion always cairies 
the same chaige and moves ivith the same 
velocity (under constant conditions) it 
may be said to have a definite and independ- 
ent conductance The total conductance of 
an clectiolvte, such as hydrochloiic acid, is 
equal to the sum of the conductances ot its 
ions (H+ and CW) The conductance of a 
solution depends, theiefoie, upon the num- 
bei of ions in the solution, the charge on the 
ions, and their velocities 

23. The Conductances of Different Solutions 

The aqueous solutions of all salts, acids, 
and bases conduct the current, but there is a 
great difference in the conductances of solu- 
tions containing cquimoleculai concentia- 
Lions oi diffeient substances Some of these 
solutions aio excellent conductors and some 
conduct scaicely at all The conductance 
of a given electrolyte vaiics, also, with the 
solvent in which it is dissolved A substance 
that conducts well in aqueous solutions, con- 
ducts lathei feebly in alcoholic solutions, 
and seal cely at all when dissolved m benzene, 
caibon tetrachloiide, oi chloiofoim We 
must conclude, theiefoie, that poorly con- 
ducting solutions contain veiy few ions, le- 
membeiing, however, that the small conduc- 
tivity may be duo in pait to the slow velocity 
of the ions. The velocity may be luither 
reduced by the lesistanco encounteied by the 
ions in moving through the solvent, which 
contains ions caiiying the opposite kind ('f 


charge and large numbers of uncharged 
molecules Attraction must exist in the 
solution, not only between ions of unlike 
charge, but also between ions and the mole- 
cules of the solvent (page 413) This attrac- 
tion is of the same gencial chaiacter as that 
which exists between molecules of gases, 
molecules of liquids, the pai tides of crystal- 
line substances, and molecules of solute and 
solvent But all of these foices that restrict 
the movement of ions cannot explain the 
almost total failuie of some aqueous solu- 
tions to conduct the ciiiient, a condition 
which can be caused only by an almost total 
absence of ions 

24. Specific and Equivalent Conductances of 
Solutions 

Let us assume, as Arrhenius did, that a 
solution of any salt, acid, or base contains 
both ions and undissociated molecules 
These are m equilibiiuin with each other 
(page 399) Let us stait with a solution 
containing one equivalent weight of solute 
per liter The conductance of 1 ml of this 
solution, when measured between platinum 
electrodes which aie 1 cm squaie, 1 cm 
apait, and undei a potential of one volt, 
is called the specific conductance of the solu- 
tion The equivalent conductance foi any 
electiolyte is dehned as the conductance, 
between electrodes I cm apart, of a volume 
of the solution large enough to contain 1 
giam-eqiii valent weight ot the solute In 
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The volume of the solution between the electrodes is the 
same in both cases If no more ions were produced upon 
dilution, the specific conductance in the second solution 
(right) would be one half of the specific conductance of 
the first But there are twice as many cubic centimeters in 
the second solution, and hence, the equivalent conductance 
"hould not chohoe upon dilution 
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practice, the equivalent conductance is de- 
termined by multiplying the specific con- 
ductance by the total number of milliliteis 
of solution containing one equivalent weight 
of the solute The equivalent conductance 
IS obtained foi a noimal solution when the 
specific conductance is multiplied by 1000, 
for a lentil-normal solution, when the 
specific conductance m multiplied by 10,000, 
and so on 

25 Change in Equivalent Conductance with 
Dilution 

Let us stait with one liter of a normal 
solution of hytlrochloiic acid, this liter is 
then diluted to two liters I f the total num- 
ber of hydrogen and chloiidc ions remains 
the same, the number of ions in each milli- 
liter of the moio dilute solution is one half 
of the numbci in 1 ml of the nounal solu- 
tion Bince flic ions act as the carrieis of 
the cuirenl, the specific conductance should 
be one half oi its oiiginal value When this 
specific conductance is multiplied by the 
numbci of milliliteis (2000) that contains 
an eciuivalont weight of ihe .solute, the 
equivalent coiuliiefimce should be Ihc same 
as it IS foi the iioimal solution The equiva- 
lent conductance should not vaiy, theiefore, 
ivith the tlilution, provided Lhal the total 
numbci oj ions docs not change If this num- 
bei should increase upon dilution, then the 
specific conductance would not be halved 
when the solution is diluted to two volumes, 
and the equivalent conductance would be 
greatei foi the half-nonnal solution than for 
the noimal solution Expei imentally, we 
find that the eiiuivalcnt coiiduetancc docs 
inocav with dilution Accoiding to Airlie- 
nius, this 1 csult must lie intcrpicted as mean- 
ing tliat dilution causes a largci numbci oi 
the molecules of the solute to form ions, the 
ionization of the electiolyte becomes more 
neaily complete as the solution is diluted 
There is, howevci, another mterpietation 
that can be placed upon the increase in 
equivalent conductance with the dilution, 
and this dilfeient point oi view will be dis- 


cussed in connection with the Debye-Huckel 
theory (page 413). 

26 Measuring the Percentage of Ionization 

As the dilution increases, a condition is 
finally reached when the equivalent conduc- 
tance does not increase as more of the sol- 
vent is added. The degree of ionization of 
the electrolyte is then said to be 100 per 
cent, and the solution is said to be infinitely 
dilute The equivalent conductance of an 
infinitely dilute solution is called the limiting 
equivalent conductance and coriesponds, of 
couise, to the maximum conductivity of all 
the ions that the solute can liberate If the 
equivalent conductance of a solution of a 
finite concentration of the solute is 50 per 
cent of the limiting equivalent conductance 
(of the infinitely dilute solution) of the same 
solute, we may assume (accoiding to the 
theoiy of Arihemus) that this solution con- 
tains m all 50 per cent as many ions and is, 
therefore, 50 per cent ionized This is one 
method of determining the degree of ioniza- 
tion of an electi olyte 

The degree of ionization of an electrolyte 
may also be detei mined from boiling and 
freezing-point data, this method has been 
discussed on page 404 

The apparent degrees of ionization of a 
number of acids, bases, and salts aie shown 
in Table 23, page 437 

27 Conditions Which Influence the Degree of 
Ionization 

Many of the conditions that influence the 
extent to which the same and diffeient elec- 
ti olytes are ionized in solution have been 
mentioned m vaiious places in this chapter 
These will now be biiefly icviewed, and other 
conditions will be summaiized 

(1) Temperature The effect of changes in tem- 
peiatuie upon the appaicnt degiee of ionization 
of highly ionized substances is very small The 
effect upon the apparent ionization of weak elec- 
trolytes IS more maikod The percentage of the 
ionized solute usually increases with increase in 
tempeiatuie, until a certain maximum is reached, 
and then decreases at higher tempeiatuies 
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(2) The Nature of the Solute The most highly 
ionized electrolytes in aqueous solutions aie com- 
pounds of liydiogen 01 active metals with active 
non-metals or ceitain radicals In geneial, we 
may say that electrovalent, oi lomc, compounds 
aie highly ionized electiolytea Reactions be- 
tween covalent compounds and the solvent, how- 
evei, may pioduce a highly conducting solution 
This is true, for example, foi a solution of hydro- 
gen chloride (page 155) Compounds in which 
atoms aie united by covalences, if electrolytes at 
all, aie weakly ionized Since salts are, as a class, 
lomc compounds, they are all highly ionized 
Acids and bases that are usually classed as 
“stiong” aie also highly ionized in aqueous solu- 
tion 

(3) The Effect of the Sobent The pai t which the 
soh'ent plays in promoting the ‘solubility and 
ionization of different solutes has been discussed 
on page 214 The appaient degree of ionization 
of most eleotiolytes is greater in water than m 
any othei solvent In geneial, the ionizing powei 
of the solvent increases with inoieasmg dielectiio 
constant (page 214) No doubt the ability of 
the solvent to leact with one or moie of the ions 
of some substances has an important influence 
upon the pioduotion of ions 

(4) Dilution If we consider the ions of an 
electiolyte as existing m a state of equilibuum 
with undissociated molecules, the effect of dilu- 
tion upon the appaient degiee of ionization is 
easily undei stood As the ions aie scattered 
thioiigh a greater volume of solution, it becomes 
mcrea'-iiigly more difficult foi them to lecombine, 
because there are fewci meetings between ions 
of opposite charge Hence, the number ol ionic 
combiiiatioiis that occurs pei second is decreased, 
while the number of molecules that dissociate m 
the same peiiod of time is unaffected by the 
dilution This condition leads, theiefoie, to the 
production of more ions than aie removed from 
the solution by the leveise reaction 

Expel imental evidence beais out the above 
prediction which is based purely upon the kinetic 
theory We have noted (page 411) that the 
equivalent conductance increases with dilution, 
and we have shown that this may be explained as 
the result of an increase in the relative numbei of 
molecules ionized Freezing- and boilmg-point 
data fuinish eiidence of the same chaiactei 
As the coiicentiation of a sodium chloride solu- 
tion, for example, is decreased, the lowering of the 


ELECTROLYTES 

freezing point becomes nearei and nearer two 
times the loweiing in a sugai solution of the 
same concentration 

SOME MODIFICATIONS OF THE THEORY 
OF IONIZATION 

28. Objections to Arrhenius’s Theory 

In the preceding discussion, we have at- 
tempted to apply the essential points of 
Aiihemus’s theory, as outlined on page 398, 
m explaining the properties of solutions of 
electiolytes. While the agreement between 
theoiy and facts is faiily satisfactory, on 
the whole, the student probably recognizes 
ceitam inconsistencies between this theory 
and the information that wo now possess on 
such subjects as ciystal stiuctuie, atomic 
stiucture, and the souice of ionic chaige — 
mformation that was not available to 
Aiihcmus 

Thus, ciystals of substances, such as so- 
dium chloiide, are shown by X-ray analyses 
of their stiuctures to consist only of ions 
Sodium chloiide is completely ionized even 
befoie it IS dissolved When the crystal of 
sodium chloiide dissolves in watei, it does 
so because the molecules of the solvent 
weaken the atti active forces which exist be- 
tween the ions in the crystal (page 214) 
Theie is no leason to believe that sodium 
and chloride ions combine in a solution to 
form molecules, smee m solution, and in the 
fused state, the ions must be moie ncaily 
mdependeiit than they aie in the ciystal 
In the crystal each ion appears to attract 
the ions ol the opposite chaige in all diiec- 
tions As a lesult, a sodium ion, for example, 
occupies the center of a cube, and in the 
centeis ol the six faces of this cube theie aic 
SIX chloiide ions If molecules should form, 
when sodium cliloiide dissolves, we should 
have to conclude that the attraction ot the 
sodium ion m solution is exeited in a single 
diiection and hence that this ion combines 
with a single chloiide ion Such a conclusion 
would not appeal to be logical It is much 
moie satisfactoiy to think of the ions m the 
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solution as attracting each othci as they 
do in the eiy^tal 'I'ho chlfcrciico must c.m- 
sist m the strength lathcr than in th(> cluir- 

acter of this attiaotioii 

If wo should assume, although t.hcri' is no 
good reason foi doing so, iluit niol(>culcs ol 
sodium chloride cmsL in solution, we should 
have to explain oui assumption by making a 
second assumption, iiiuiK'ly, that tlie ('h'etio- 
valenco of sodium chloiide m the eryntal 
changes. 111 solution, to eovalenee between 
some of the sodium and chloride ions We 
should then be faced with tlu' fuoblem ol ex- 
plaining why this change does not, happem 
tor all of the sodiimi and ehlniuh’ ions, if it 
IS possible foi It to oeeiii ioi a eeilain pei- 
centnge ol them 11 we an- to letam oui 
idea of the etuiilibnum lietween ions and 
molecules, then it beeoim's neeessaiv to 
think of the clcetio valence mid eo\alenee ol 
sodiura and chlouiu' as ehangiiig continu- 
ously hem one to the oUiei .Vs llu* watei of 
the solution is removed liv evapoiation, oi 
as the ions aie ciowded moie eloselv (ogelher 
by any change in Uu' solution Hint meieases 
the concentration, the eluuiielei ol the coin- 
pound becomes uudoiililedlv eleetiovalent, 
because the cryslul slate liiialU I'oinis, and 
theic can he no doulil as to llie lonu', as 
opposed to the moleculai, stale ol the solid 
We should have to explain \\h\ eoialence 
should not become moie piuiioimeed as the 
ions aie crowded close i logelhei and a giealcr 
number of collisions between them becomes 
possible 

It appeam, Ihcrcfoic, that w inital (irrrpl 
Lhe concju'noii lluil •^onu' •^Ikuk/ ( Irrholi/U 
such as Stull mil chltii ith', <wr Kin pt'i ii'iil 
ionized in tiqucons sohtlwn flow, llieii, sliall 
wc explain the apiiaieiit degrec-s ol ionization 
that aiG liequently mueh less than UHI per 
cent as ineasuied by eli'ct.iical coiidiielivity 
or by the effects ol stioiig elect rolytes upon 
the boiling and fi eezing iioiiils ol the solvent.''’ 
Arrhenius was ceitaiii that data of this 
kind could mean only tluit different pcieent- 
ages of the eloctiolyte molcciiles were ion- 
ized under different conditions 
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29. The Debye-Huckel Theory of Strong Elec- 
trolytes 

Out pre,scnt ideas ooiiceimng solutions 
of strong oloctiolytos aie in agi cement with 
our information about the crystalline states 
ol siilxstanccs hko sodium elilorido Most of 
these' ideas aic embodied in the IDcbye-II uckel 
Throiy Although tins thnoiy assumes that 
a sfcumg oleet.iolytc' is 100 per cent ionized, 
the ions aie not icgauled as completely in- 
dependent lust(«ad of thinking ol two ions 
as combined in the lorm of a molecule, we 
think ot ions as existing in the solution in 
somewhat the same comlition as they 
exist m t.ho eiystal, i c , each ion attracts those 
of the opposite chari/e in, all directions For 
tins reason, I, he theory that we aie now 
diseussmg IS sometimes called the Inie.nome 
Al'itulion 7'heoii; The attuiotion of ions 
foi one. anothei icsults in what we may 
consider as a field ol the opposite kind of 
chaigi' aumud each ion, that is, in the held 
smioundmg an ion there will be moic ions 
(•allying the ofiposito c.haigo than those 
(•allying the same kind of chaigo When an 
ion migral.es t.owaid one of the electiodes in 
a cell, the clei^tiostatic attiaction existing 
between it and the field aioimd it must be 
oveiconie d'his letiiids the mobility ol the 
ion An ext.reine ciise of the same sort exists 
111 lh(“ civstidline stat.e ol the substance 
Imagine a sin. ill crystal ol sodium chloiide, 
such as the one shown in Figurij 194, between 
tw'o teiininals of a liattciy The ion at the 
(•('iitei lias zeio mobility since it is sui- 
rounded by si\ lous ot the opposite kind, 
and these are mged by I, he potential bc'twoen 
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the electiodes to migiatc in the opposite 
direction In a large ciystal every ion, ex- 
cept the relatively small number on the 
faces, IS in the same situation as the ion 
at the center of the small cube In a solu- 
tion of sodium chloride, the crystal’s struc- 
ture, of course, has disappeared, but the 
attraction between oppositely charged ions 
still exists, although it is considerably weak- 
ened by the effect of the solvent (page 214) 
This attraction restricts the independent 
action, and paiticulaily the movement, of 
the ions 

30 How the Theory Explains Apparent Per- 
centages of Ionization of Strong Electro- 
lytes 

Now the conductivity of a solution de- 
pends upon the nurabei of ions in the solu- 
tion and upon the velocity with which they 
migrate toward the electiodes. If they did 
not move, they would nevei reach the elcc- 
tiodes, and regardless of the number that 
might be present, the conductivity would 
fall to zero as soon as those ions in contact 
with the electrodes were discharged If the 
ions weie absolutely independent of all 
forces that restnet theii movement, the con- 
ductivity of the solution would be propor- 
tional to the numbei of ions in the solution 
But it their migration is retarded or hindered 
in any way, the conductivity of the solution 
that contains them will be deci eased by an 
amount which depends upon the extent that 
they do not act as independent pai tides 

Let us imagine, foi convenience and .sim- 
plicity, that a solution contains 100 ions each 
of sodium and chlorine in a definite volume 
If these ions were entiiely tree of atti action 
in then solution enviionraent, the solution 
would show a ceitain maximum conductiv- 
ity This would represent the condition 
which, in the Arrhemus theory, is called in- 
finite dilution But if these ions attract 
each other, and are retaided somewhat as 
they inigiatc toward their respective elec- 
tiodes, the observed conductivity of the 
solution lYill be less than the maximum. Let 


us say that it is 90 pei cent of this maximum. 
In terms of Aiihenius’s theory, we should 
say that the solute is only 90 per cent ion- 
ized, and that 10 pei cent of the solute exists 
as undissociated molecules In teims of the 
Debye-Huckel theory, we should say that 
100 ions of each kind, ivhich are restricted in 
action but which are free of all molecular 
combinations, produce the same observable 
conductivity as would be produced by 90 
ions of each kind, if they were completely 
free and unobstructed in their individual 
actions 

The same restraining influences that ions m 
solution exert upon one anotliei may account 
for the apparent degi ee ot ionization of an elec- 
tiolyte as moasuied by the freezing and boiling 
points, or the osmotic piessme, of its solution. 
Thus, a mnlal solution ot sodium chloiidc may 
contain 6 02 X 10“ chloride ions and 6 02 X 10^* 
sodium ions If tlieso weie absolutely free and 
unobstructed, the freezing point of the solution 
would be -3 72“ The fact that the freezing 
point of this solution is only -3 42° was taken to 
mean, by Arihemus, that the electiolyte is only 
about 84 per cent ionized But the effect of the 
solute m lowering the vapoi tension of the solute, 
and hence m loweiing the freezing point, depends 
not only upon the iiuinbei of ions but upon then 
movement a.s well To the extent that an ion m a 
solution IS restrained in the freedom ot its action, 
to that extent does it act as only a tiaction of a 
flee paiticle Viewed m this light, 100 ions may 
be affected in .such a manner by one another, and 
by then general onviionmeiit in the solution, 
that tliej produce the ultrrnate elfect on the 
properties ot the solution of only 84 tree particles 

We see, theiefore, that it is possible to 
explain the measuiements upon which appar- 
ent peicentages of ionization aie based ivith- 
out assuming that any poition of a strong 
electrolyte exists in solution as undissociated 
molecules As the concentiation of a solu- 
tion of an electrolyte is increased, the ions 
are crowded closet together and they conse- 
quently exert gi eater atti action tor one an- 
other Finally, they assume then pioper 
positions in the space lattice ot the solid. 
As the concentration of the solution ap- 
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Figure 195, A Comparison of the Arrhenius Theory 
and the Theory of Debye and Huckel 
In one case, the solulion Is assumed to contain both 
molecules and ions of the solute, in the other case, the 
solution IS assumed to contain only ions 

pioacht'h tlip saluitilion point, wc nni,s1 think 
of ilic ions iih lit'coinnift lo.sh and less indp- 
pciident The equivalent eonductaiiee of tJic 
solution dcci eases, and the loweiinp, of the 
freezing, point and tfie elevation of the boil- 
ing point become mou' luniilv the same ns 
the ctfeets ol ('qual eonec'ntiiitioiis of a non- 
cleetrolyte Likewise, the elteet ol dilution 
can be explained, not as due to the ioniza- 
tion ol an iiuiU'iised nunibei of molecules, 
but as duo to tin' gieatei df'gu'e oi heodoin 
of action poHSf'ssed liy individual ions in the 
moie dilute solution Mach ion acts more 
iioaily as an individual and loss as a poition 
of a combination 

31 Ionization of Weak Electrolytes 
The objt'ctioiis Hull niav bt' laised against 
Arrhonuis’b theoiy ajiply, on the whole, 
only to solutions ol stiong eleetiolytes Toi 
solutions oi weak eleetiolytes it is still pos- 
sible, and iiidocd iiecf'ssaiy, to legaid the 
undissociatcd molecules, as well as ions, as 
lealitics The weak eleetiolytes are usually 
acids, such as acetic, oi bases, such as am- 
monium hydi ovule A low substances usu- 
ally classed as salts must be included, thus, 
meicuiic chlondc' has a veiy .small appuient 
degree ot ionization iii solutions ol the usual 
coneentiation, and pure liquul uliiiiunimi 
cliloi'ide IS a non-conductoi ol the cuiieiit 
Tiic stiuctuies ol weak electroivtes aie 
thought to deiiend, loi the most pait, upon 
covalence instead ol elcctiovalcnce At least 
in most of these compounds we may ac- 
count foi the pioduction ol ions by considei- 
ing the possible reactions of the solvent 


molecules with the molecules of the solute 
(page 155) It is probable that similai 
changes in solution aie responsible, also, foi 
the pioduction of ions by some strong olec- 
tiolytcs liydiogen cliloudc, foi example, 
m the pure state appears to be a tyjDieal co- 
valent compound and is a non-conductoi 
In afpieoiis solution ionization may depend 
upon the i eaction ol moh'CLilcs of rvatei with 
the hydiogon of the aeid to foini the hydio- 
nminion (II, lO^) and cliloiide ion (page 155) 
This 1 eaction must bo almost complete, be- 
cause hydiochloiic aeicl shows about the 
same apparent dcgiee of ionization as sodium 
chloiide However, it is cntiiely possible, 
and even piobablc, in the couise of cvenis m 
the solulion that at least an occasional pro- 
ton will leave the hvdiomnm ion and iccom- 
bme with the chloiide lou by shaiing a pan 
ol electron, s In conceih rated solutions of 
the acid this event becomes moie than 
piobablc, it actually luqipens, as shown 
by the definite vapor piossuic ol the hydio- 
gcii chloiide in these solutions 

In solutTons of weaken acids, such as 
acetic, we may think of the following u'- 
veisilile reaction with the solvent as occui- 
img 

CI-LCOOII -f H 2 O 1L(H -f CILCOO- 

This icaction is by no mean.s as compkde as 
the 1 eaction between HCl and watei In the 
lattei, we mav assume that tiie [iioton toims 
a much strongei covalent bond with the 
oxygen atom of watei than with ehloini(> 
In the acetic acid solution, wc may assume 
that the covalent linkage hetweeu hydrogen 
and the oxygon atom of the acid is stiongei 
I hail the bond Ik'Iwi'C'ii tlii' pioton and llii' 
oxygen atom ol thi' w'iitin' moli'cule 

Certain eompounds that u'semble .salts 
of mefals in some ways, e g , aliiniitmm 
cliloudc, AlCli, and stamuc ehloride, iSnCh, 
are non-clcctiolytes in the liquid state 
Their aqueous solutions, liowevci, aie good 
coiidiictois They must aceoidingly leact 
with the solvimt m a inannei similai to the 
reaction of hydiogen chloiide with water 
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to form ions Foi aluminiiin chlondo, this 
leaction i,s thought to be the following. 

AlCb + 6 HjO — ^ A1(H20),-<-++ + 3 Cl~ 

Other hydrates of the aluminum ion arc 
probably formed at the same time 

There aie lolatively few ions in the solu- 
tions of weak eloctiolytes at ordinaiy con- 
oentiations Hence, the atli action between 
ions IS negligible, oi almost so, and the 
effects which we observe for stiong electro- 
lytes, and which are explained upon the 
basis of in tei ionic attraction, are coirespond- 
mgly less pronounced Arihemus’s theoiy 
holds very well for the solutions of these 
substances In dealing vuth weak electro- 
lytes, theiofoic, we shall follow the piinci- 
ples of that theoiy 

Review Exercises 

1 SumriiaiizG the different kinds of evidouce 
which show that salts, acids, and bases pio- 
duce ions in aqueous solutions 

2 How many coulombs of electricity aie re- 
quired to deposit 53 94 g of silver, 10 g of 
copper, and 20 g of antimony fiom soluticms 
containing the ions of* these metals’ 

3 A solution contains 60 g of CaCb m 1000 g 
of water If the degiee of ionization of the 
salt is 75 per cent, what is the freezing point 
of the solution? 

4 Foi what leason did Aiihenius assume that 
molecules of sodium chloiide are m equi- 
libuum with sodium and chloude ions m an 
aqueous solution of that substance? 

5 We now believe that sodium chloude in an 
aqueous solution is completely ionized H 
this is true, why does the conductivity method 
of measuring the degree oi ionization show 
that this substance (m N/IO solution) is 
only 84 jiei cent ionized’ 

G What data must be available foi the calcula- 
tion of the equivalent conductiwty of a solu- 
tion’ 

7. Defaiie an mfimtelv dilute solution Why docs 
fuitliei dilution ol an mfanitcly dilute .solu- 
tion not produce a change in the equivalent 
conductivity’ Does dilution oi such a solu- 
tion affect the specifac conductivity’ Exjilam 


8 The equivalent conductances of acetic acid 
solutions of different concenti ations are given 
below Calculate the degree of ionization for 


each concentration 


ION 

0 05 lecipiocal ohms 

IN 

1 32 leoipiocal ohms 

01 N 

4 6 reciprocal ohms 

0.01 N 

14 3 leciprocal ohms 


Infinite dilution 352 leciproeal ohms 


g Compaie the quantities of electiicity requiied 
to deposit the same weight of non fiom solu- 
tions containing ferious and feme ions 

10 Explain the meaning of the following state- 
ment The acetic acid (HAc) in a tentli- 
noimal solution is 1 3 pei cent ionized Cal- 
culate the concentiatioii (in gram-ions oi 
giam-molecules) of H+, Ao~, and HAc in tins 
solution 

H Explain the effect of diluting a solution upon 
the cciuivalent conductivity of the solution lu 
terms oi (1) Anhemus’s theoiy and (2) the 
Debye-Huckel theoiy, 

12 If acetic acid (N/10) is 1 3 pei cent ionized, 
what weight of pure acetic acid and what 
volume of solution would be icciuuod to 
furnish one gram-ion of CdljOy loii? 

13, IWiat IS the pnucipal dilfeience lietweea the 
theoiy of Aiiliemiih and that of Debye and 
Huckel as legauls stiong olectinlytes’ 

14 The fieezing point of a solution coiitaimng 4 
giams of , ‘■odium hydioxide in 200 g of watei 
is —1 074° What is the appnient peioentage 
of ionization of the sodium hydi oxide’ 

15 What should be the fieezing point of a solu- 
tion containing 0 1 ot a giam-moleciilai 
weight (or foimula weight) of sodium chlo- 
ude m 1000 g of watci, if the sodium chloride 
is apparently 90 pei cent ionized’ 

16 Explain the change,? tliat occui at the elec- 
tiodes during the electrolysis of a solution of 
hydiogen chloude in watei 

17 Why lb the i eaclion between ethyl alcohol and 
acetic acid slowei than the reaction of sodium 
hydroxide and acetic acid’ 

18 Why can moleculai oi toimula weights ot 
clectiolvtcs not he detei mined by the 
lioezing Ol boiliiig-iioint methods’ 

19 The appaient peicentage of ionization of 
cupuc sulfate, CuSOi, is much smaller than 
that of sodium chloude Both aie completely 
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ionized accoidiii}^ to tlic Deliye-lliickel 
tlicoiy Can you suggest an cxplaiialioiii’ 

20. ffW factois or coiiditioiib delGiinine fc 
quantity of ektiical ciicigy iihed in tlie 
clficlrylyMii of a Hiliilioti of a salt of a metal? 

21 If no energy is leiimied to hepaiate tlie ions 
in a solution, tlnis dissocialiiig nioleciite of 
tlie eleetiolyte, wby me diffeicnt decoinpohi- 
tioii \(iltages KHiuiied to electrolyze dilferent 
coihiioiuhW 

22, For ivliat [iiiiposi's is eleetiieal eiieigy used in 
tlieelcctiolysihofaeoiiipoiiiid? 

23 How can one aeeouiit foi the fact that acetic 
acid, 01 any othei weak acid, is less ionized, 
111 an aqueous solution, than hydiochloiic 
acid? 

24 Wiy 1^ the assumption that nil elcetiolytcs 
aic comiilelely ionized in aiineoiis solutions 
notsoiiiid'^ 


References for Further Reading 

ileinljic Club Repiint, No 19, "The Founda- 
tions of the Tlieoiy of Electrolytic Dissocia- 
tion,” Ediiibuigh E andiS liviiigslone 
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chap, X 
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New Yolk The Macmillan Company, 1947 
Jafie, B., Cndks, chap XII, “Life of 
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(1929), 7 , 782 (1930), 8, 1493 (1931), 12, 
11, 24, 109, B67 (1935), 17, 124, 128, 131 
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CHEMICAL EQUILIBRIUM 


Oxuluhonof CHi is more difcull thanoudaiionof 
CHiOII To obtain valuable reluhons in this field, 
an exact knowledge of reaction velocity is necessary, 
and I, therefore, went over to the study of reaction 
velocity and thus arose my Eludes de Dymmique 
Chemique ” 

VAN’t HOFF 


1 Introduction 

We have employed fiequently the geneial 
pimciple ot cquilibuura m descubuig the 
condition finally attained i\'hen two changes 
opeiating in opposite daections aie allowed 
to occur simultaneously It was necessary, 
foi example, to make use of this principle m 
explaining Auhemns’s thcoiy of ionization 
in the piGceding chapter Most of oui ex- 
amples ol equilibiium, however, have dealt 
ivith physical lather than chemical changes; 
for example, we have defined a saturated so- 
lution as one in equilibiium ivith the undis- 
solverl bolule Chemical equilibiium, like 
physical equilibiium, lequivcs that the two 
changes in opposite diiections occui at the 
same speed, the principal diffeience is that 
in chemical equilibiium the two changes in- 
volve ditfciciit substances 

Most leactions vail attain a state of equi- 
libiium unless they aie pievented fiom doing 
so by the escape or lemoval of one oi moie 
of the substances involved In some chemi- 
cal changes the speeds ot the foiwaid and 
the level se leactions become equal when 
only lelativcly small quaniities of the origi- 
nal materials have been conveited into the 
products; m such instances, the foiwaid re- 
actions ( — >-) aie fax liom complete, and 
some of them occui to such a small extent 
that pioducts of the leaction cannot be de- 


tected In other changes, the foiward leac- 
tions aie almost complete — the staitmg 
materials aie almost completely consumed — 
and the leveise icactions (-< — ) ai e negligible 
in extent In still otheis, the two leactions, 
foiward and leveise, occui moie nearly to 
the same extent, both the onginal substances 
and the pioducts aie piesent in considerable 
concentrations when equilibiium has been 
established 

Oui usual intention in employing a reac- 
tion is to pioduce as much of the pioducts 
fiom the staiting materials as possible It 
is evident, howevei, that the possibilities ol 
a leaction are limited by the conditions oi 
equilibiium for that leaction and the leac- 
tion that occui s in the opposite diiection 
Thus, the icaction 

Heat + 2 2 Ha + Oj 

IS apparently complete toward the left at 
ordinaiy temperatures although, theoioti- 
cally at least, it is leveisible at all tempera- 
tuics At 2000° C , equilibiium is reached 
when about 2 pei cent ol the watoi has de- 
composed into hydi ogen and oxygen Know- 
ing the equilibrium conditions of this leac- 
tion, we should not select this method foi the 
production of hydrogen and oxygen 

The equililmum state of a reaction — ■ that 
is, the relative concentiations, when the le- 
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action has reached eciuilibnum, of the prod- 
ucts and the original substances — ■ is not the 
same under all the conditions that may 
affect the icaclion The decomposition of 
water readies cquihlnium at 2000° when 
about 2 pel cent has decomposed, but at 
L000° only about 0 01 pei cent decomposes 
befoie the leveiso icaction occurs at the 
same speed as the decomposition A knowl- 
edge of ociuilibiium states uiidei different 
conditions is tlicrefoie of gieat impoitance, 
because by piopci selection of conditions it 
IS possible to pioduce much more of the 
products of the reaction 

A change in some conditions appears to 
influence the speed with which equilibrium 
IS attained lathcr than the proportion of 
starting mateiiiils and products when equi- 
librium is leached In any event, howevei, 
the conditions that influence the speed of a 
leaction aie of considerable importance both 
in the labor atoiy and in industrial practice 
They aie also impoitant in our undeisland- 
mg of many leactions that occiu in natuie 

When wo speak of the speed of a icaction 
we refer to the mass of the leacting mateiials 
conveited into the pioduets ol the reaction 
m a definite pei lod ol tune The rate of this 
conveision depends upon a number of fac- 
tors 

2. The Nature of the Reacting Substances 

Under the same conditions, two reacl.ions 
involving dillercnt substances pioceed at 
different rates, and the nature of the reacting 
substances has a gieat deal to do with the 
rate at wliieli the leaction proceeds Thus, 
at oidmary tempeiatuies sodium and chlo- 
iino react much moie lapidly than non and 
chloiiiio At one tiiiK' it was said that so- 
dium and chloiine have moie “chemmal 
affinity” foi each olhei than non and ehlo- 
iine It IS evident, however, that a teira so 
indefinite in meaning as "afhnity" is only a 
name foi a condition, and its use has now 
disappeared almost entirely fiom chemical 
literatui e Instead, we explain diffeicnces in 
the tendencies of vaiious substances to react 


upon the basis of then atomic, ionic, or mo- 
Icculai structures Thus, sodium reacts 
more readily with chlorine than iron does, 
because the sodium atom gives up its valence 
electron to cliloriiie moie leadily In gen- 
eral, reactions between ions aie very rapid 
and their speeds can be mcasmed only ivitli 
difficulty, it they can be measuied at all 
Reactions between molecules arc often rela- 
tively slow and occur at speeds which can 
be measuied without very gieat difficulty 
(page 400) 

3 Temperalure 

The elfoct ol changes m tempoiature upon 
the speed of chemical leactions has been 
discussed in a previous chaptei (page 80) 
The same change m tcmpeiatuie alfects the 
speed ol most loacLions m approximately 
the same inamiei Roughly speaking, the 
speed is doubled loi an mcicase of 10°, but 
loi some icactuons a similar change in tem- 
pcratuio — let us say fiom 40° to 50° — 
more than doubles the s]iecd 

To some extent the mciease in speed with 
increasing teinpoiatuie can be explained by 
the greater numher of collisions between 
raoli'cules that lesults horn the greatei ve- 
locity of the moloeulcs at the higher tcmpeiu- 
tuics, but this ellect cannot explain all tlie 
change in speed An inciease m teinpeui- 
tuie ol 10° docs not, by any moans, double 
the numboi of collisions, and hence, d this 
were the only lactor involved, it should not 
double the speed of the icaction Molecules 
that leact must meet or collide, but rneic col- 
lision does not always lesiilt in a leaetion 
At higher tempeiatuies, the collisions aic 
between molecules that aie moving moic' 
rapidly and that consequenlly possi'ss inori' 
kinetic encigy As eompaied to e.ollisions 
between slowly moving molecules, sueli col- 
lisions may be expected to be moic I'llective 
in 111 caking the bonds that hold togcthei the 
atoms or radicals ol the oiigmal substances, 
thus making possible other and inoie stable 
combinations of the same particles Uuithci- 
moic, as the tcinpeiatuio uses and energy 
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IS absoibed, the electrons of atoms in the 
reacting substances may be shifted to higher 
eneigy levels Atoms in which such changes 
occui may be expected to be more leactive, 
for example, this condition may easily lead 
to the brealang of a bond consisting of a paii 
of elections that is shaied by two atoms 
Also, an electron consideiably removed from 
the nucleus is moie easily separated entirely 
than an election that lies in its noimal posi- 
tion, that IS, in the lowest energy level As 
the temperatiiie rises, more molecules are 
activated, in othei woids, they possess the 
eneigy lequned to allow them to react when 
they collide with other molecules For most 
reactions it appears, therefore, that a use 
in temperature of 10° doubles the speed, 
because this change in temper atm e approxi- 
mately doubles the number of activated 
molecules 

4 Catalytic Agents 

The speeds of many reactions are gieatly 
influenced by certain catalysts, which are not 
permanently affected during the chemical 
changes Some catalysts accelerate and 
others retard the speeds of the reactions A 
substance that catalyzes one reaction may 
have no effect upon another reaction, The 
speed of a leaction is often accelerated by 
means of a catalyst instead of an inciease m 
the temperatui e The lattei not only may be 
more expensive than the use of a catalyst, 
but it may be actually undesirable, since 
many reactions are less complete at higher 
temperatures Furthermore, the product 
that we want to make may be decomposed 
at a high temperature When this is tiue, 
attempts to increase the speed by increasing 
the temperature may be successful in speed- 
ing up the reaction, but they will at the same 
time result in decreased yields and probably 
111 the complete loss of the product Under 
these conditions a catalyst is desirable It is 
not believed that a catalyst changes the 
equilibiium condition of a reaction, hence, a 
reaction that occurs very slowly at low or 
moderately high temperatui es, although it 


equilibrium 

may be fairly complete in the end, may be 
accelerated at the low tempeiatuie by using 
a suitable catalyst without dcci easing the 
theoretical yield of the product Since it 
does not affect the final equilibrium condi- 
tion, a catalyst must exert equal effects 
upon the speeds of the forward and the 
reverse actions 

Control ol the velocity of a, reaction is 
often as impoitant as, oi even moie im- 
poitant than, the maximum yield of the 
product which can be produced by that ic- 
action Even if the equilibrium conditions 
of a reaction permit the conversion of only 
ten per cent of one substance into another, 
the production of this small yield is usually 
more important and economical, if it can be 
pioduced m ten minutes, than the convei- 
sion of ninety per cent would be if this were 
accomplished in ten days 

The name catalyst was suggested by Berze- 
lius m 1838 It signifies a substance which 
“loosens” the activities of certain substances 
and causes them to react more rapidly with 
other substances The German chemist 
Wilhelm Ostwald compared a catalyst to a 
lubricant, which allows machinery to run 
more smoothly and more rapidly 

The action of a catalyst is sometimes ob- 
scuie, and the usual definition of the term 
(page 68) does not explain the elfect We 
can be certain only that the catalyst is not 
finally changed into a diffeient substance 
and that it gives up none of the chemical 
eneigy stored within it Therefore, the cata- 
lyst does not alter the cquilibiium state of 
the reaction Some of the other features of 
catalysis may be summaiized very briefly 

(1) The effect of the cataly.st upon the speed of 
the reaction is almost always exceedingly gi eat as 
compaied with the quantity of the substance used 
to produce the effect Thus, the ,small amounts 
of moistuie which may remain in gase.s that have 
been dried as carefully and completely as possible 
may have decided mlluences upon tlie speed with 
which the gases entci leactions Finely divided 
platinum in a suspended or colloidal state has a 
pronounced catalytic effect upon the decomposi- 
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tloa of hycliogen peroxide, although the quantity 
of platinum pi esont amounts only to one giam in 
350,000 liteis 

(2) Somotimes the addition of a .second suli- 
stancc may pumiolc the catalytic activity of a 
catalyst whicli, wlieii acting alone, lias little olfect 
The potassium ahumnato which is added along 
with non in the catalysis of the reaction of nitio- 
gen and hydiogen seives iii this capacity in the 
pioduction ni ammonia 

(3) Some substances act as negative cataly.sts 
and deciease the velocity of a icactioii Acetanil- 
ide, for cxainiile, letaids the decomposition of 
hydrogen pcioxide Watei letaids the decom- 
position oi ammonia into iiitiogen and hydiogen 
Various substances ate added to mbbei ai tides 
to retaid the deterioiation that lesults from then 
slow oxidation iSometimcs it appeals that the 
action ol a negative catalyst may be explained as 
the action oi one substance in lepiessing the 
positive catalytic influence of anothei In such 
cases the negative catalysts may be legarded as 
“poisons” Finely divided platinum may be 
used to catalyze the oxidation ol illuminating gas 
(page 113), this is the inmciple upon which some 
automatic gas hghteis opoiate Aftoi a time, the 
platiuum loses its catalytic activity This loss is 
piobiibly due to the adsoi'iition ol ccitain sub- 
stances which aie piosont in the gas and which 
act as “poisons” to the catalyst 

(4) Although a catalyst is not oonvcited into 
any new substance duimg its peuod of activity, 
this does not iiieaii that the catalyst lomaius 
uncliaiigetl m a physical sense Foi example, a 
smooth platinum loil that is u.sed as a catalyst m 
oxidizing ammonia to nitiic acid, loses its smooth 
suilace and becomes rough aitei consideiable 
use. 


5 An Explanation of the Effects of Some Cata- 
lysts 

(1) Voimalion of I nlrrmcdialc dompounds 
In some loaetioiiH the catalyst appeam to 
combine with one oi the icacting substances 
to pioduce a compound which, in turn, ic- 
acts with the second substance to foim the 
pioduct and to libeiate the catalyst It C 
IS the catalyst and A and B are the leading 
substances, the mechanism of the leadion 
may lie explained by the following equations 


The reactions aie assumed to occur m the 
oiclei indicated 

(1) A -1-C— i-AC 

(2) AC -h B — AB -h G 

The speed wnth which the pioduct AB is 
foimed will bo mci eased it the speed of the 
two icactions is gi eater than the speed of the 
simple leaction 

A -1- B — u- AB 

The substance designated as C acts as a 
catalyst, theiefore, by making possible cci- 
tain intermediate leactions, which take place 
with a greater velocity, but which load to the 
foimation of the same product as the simple, 
uncatalyzed leaction Although C takes 
part m the icaction, it is not converted ulti- 
mately into any new substance Substances 
that act as C does in this hypothetical case 
are sometimes called earner catalysts 

(2) Contact Catalysts The oxidation of 
alcohol may be catalyzed by the meie pics- 
ence of a piece of platinum foil or wne We 
may assume that this reaction is catalyzed 
only on the suifacc of the catalyst Similar 
action is observed when a mixtuie of hydro- 
gen and oxygen is exploded at oidmary tem- 
pcratuie by finely divided platinum, when 
ammonia is oxidized to nitiic acid in the 
presence of a platinum foil or gauze, when 
liquid fats ai c convci ted into solids by hydi o- 
gen m the presence of finely divided nickel, 
and in other reactions, many of which are of 
consideiable industrial impoitance Sub- 
stances that influence the speeds of reaction 
in this inannc'i aie said to act as contact 
catalysts In the action of these substances, 



Figure 196 The Surface of □ Crystal of Nickel 
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it IS piobable that the catalytic effect de- 
pends upon increases in the concentiations 
of the icacting substances The concentra- 
tions aie inci eased by the action of the 
catalyst in adsoihng the reacting substances 
upon its sujface As might be expected, 
therefore, the cfiect is inci eased when finely 
divided solids aie used lathei than laiger 
masses, because for a definite weight of 
mateiial the amount oi suiface inci eases 
gieatly as the pai tides aie reduced to 
smallei and smaller dimensions 
Adsorption by the catalyst may depend 
upon the ii regular arrangement of atoms 
upon its suiface; Figuie 196 shows the con- 
dition oi the suiface of a crystal of nickel 
II we could examine the minute details of the 
suiface of such a crystal, we should probably 
find that it is not smooth, but that it consists 
ot numcious “hills” and “valleys” because 
of the iiiegulai spacing of its surface atoms 
The atoms in the body of the crystal aie at- 
tracted equally in all directions, but the 
atoms on the suiface, especially those in the 
“valleys” and along the sides of the “hills,” 
have free attractions by means of which 
they may be able to hold pai tides — atoms, 
molecules, oi ions — of the substances par- 
ticipating in the reaction that the crystal 
catalyzes in much the same manner as they 
attract atoms of then own kind In some 
instances, the attraction may be sufficiently 
gloat to split molecules, such as O 2 and H 2 , 
allowing single atoms of the elements to be 
adsorbed It this happens, the subsequent 
leaction that occurs between atoms of 
hydrogen and oxygen might be expected to 
occui more lapidly than the leaction be- 
tween undissociated molecules of the tivo 
elements Fuitheiinoic, the speed of the 
leaction should also be increased, because 
the adsorption of the two elements amounts 
to an inciease in then concentrations, more 
of the molecules — 01 atoms — are crowded 
into a small space on the surface of the 
crystal than are present m the same space 
uhcii it is occupied by the two gases under 
normal conditions 
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6 The Effect of Concentration upon the Speed 

of a Reaction 

Reactions occur between particles — 
atoms, molecules, or ions — and the speed 
of a reaction depends to some extent, there- 
fore, upon the number of collisions betu^cen 
particles of different kinds m a definite 
period of time The number of collisions de- 
pends, in tuin, upon the number of each 
kind of particle in a given volume and upon 
the velocities of the particles The gi eater 
the number of 10 ns 01 molecules within a 
given space, the greater will be the speed ot 
the reaction For gases, the concentiation 
increases ivith the pressure, hence icactions 
that involve substances in this state occm 
moie rapidly under increased pressure It 
IS for this reason that pure oxygen reacts 
more vigoiously m oxidation than an undei 
the same piessiue, only about one fifth of 
the air consists of the active element, and 
its partial pressure is one fifth of the total 
pressuie 

7 The Law of Mass Action 

The effect of concentration upon the speed 
of a leaction was stated by Guldbeig and 
Waage, in 1867, as a general piinciple now 
called the Law of Mass Action The speed oj a 
leaction is proportional to the active mass — ■ 
or concentration — ■ 0 / each substance that 
tales part in the reaction Concentration is 
expressed, usually, as the number of giam- 
moleculai weights ot each substance in one 
liter 
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Figure 197 The EfTecf of fhe Concentration of 
Oxygen upon the Rate at Which a Substance 
IS Oxidiied 

In air {leff) only one fifth of the molecules surrounding 
the oxidizable subslance are molecules of oxygen, in the 
other case, all the molecules are capable of supporting 
oxidation. 
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8 Derivation of a Mathematical Statement of 
the Law of Mass Action 
Let us considoi the leaction of hydiogea 
and iodine (vapor) to foi m hydrogen iodide 
Ih + h:^2Hl 

At a sufficiently liigli tcmperatme, both 
hydiogcn iodide and iodine — ^as well as 
hydrogen, of course — are gases Although 
this leact-ion is reveisiblo, we shall speak 
at present of only the forward icaction, the 
one pioducing HI 

The speed of this leaetion, at constant 
temperatuie and at any one instant, is pro- 
portional to the number of hydiogen mole- 
cules in a dehnite volume — let us say in 
one liter, it is also piopoitional to the num- 
ber of iodine molecules m the same volume 
(The numlici ot molecules pei litei— the 
concentration — is expressed m teims of the 
numbei of giam-molecular weights pei liter ) 
Let us lepresent the concentiation of hjnlro- 
gen as [Hj| and that ot iodine as [L] Since 
the speed ot the leaction is piopoitional to 
each ol these (piantitics, it is piopoitional, 
also, to then pioduet, [IL] X [L], as long as 
conditions ottiei than concentiation arc not 
changed The speed depends, of couise, 
upon the tompeiatuie, upon the presence 
ol certain catalysts, and upon the character- 
istics oi the icactmg substances, but these 
are conditions that cither are, or can be kept, 
constant 

Let us now icpiesent the speed of the re- 
action between hydiogen and iodine, at some 
fixed tempciature, iindei constant conditions 
as legal ds catalysts, and when the concen- 
tiation of I'aeh ol the reaid-ants is one grain- 
molecular wc'iglit pel litei, by the symbol K. 
This IS called tlie luionly corif^lanl ot the re- 
action at the fixed tcinjiciatuie When 
[LL] = 1 and [LJ = 1, the speed, B, ol the 
reaction is cxpicsscd as 

S = 1 X 1 X K. 

Foi othci concentiations of hydrogen and 
iodine, the speed ol the reaction is expiessed 
as 

S = K X [Ih] X [h] 


Thus, if K is the speed when the concentra- 
tion of hydrogen and iodine each is 1, the 
speed when [H 2 ] = 2 and [L] = 3 is 
S=2X3XK=6K 
The increase in speed with mciease 111 concen- 
tiation can be understood with the help of Figure 
198, in which we repiesent concentiation by the 
niimbei ol molecules m a definite volume, there 
aie two molecules of hydrogen m the second le- 
actioii foi each molecule in the fiist If the 
numbei of molecules of iodine lemains un- 
changed, the numbei of chances that a hydiogen 
molecule will meet an iodine molecule and that 
the leaction piodiicmg hydiogen iodide will 
occur is twice as gieat as the number of chances 
that these events will occur when the concentra- 
tion of liyib ogen is 1 If the number of molecules 
of iodine pei unit of volume is tiebled, when the 
numbei of hydiogen molecules is doubled, the 
number of chances that one molecule of hydiogen 
will meet and loact with one molecule of iodine is 
SIX times as gieat as it is when [ILJ and [IJ aie 
each 1. 

9. Reactions Involving More than One Molecule 

of a Reactant 

If moie than one molecule of a reacting 
substance, as shown in the balanced equation 
tor the reaction, takes part in a reaction, 
the conccnlrahon oj that substance must he used 
as many times in the equation for the speed of 
the reaction as there aie molecules of the sub- 
stance in the balanced equation for the reaction 

Let us coiisulei the leaotion of mtiic oxide and 
oxygen to lotm nitrogen dioxide 



Figure 198 The Effects Produced upon the Speed 
of a Reaction by Changes in Concentration 
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The speed of tbs reaction cannot be expressed 
by the simple equation 

S = KX[N0]X[02] 

Tbs equation expresses the speed with which one 
molecule of oxygen leacts with one molecule of 
mtrio oxide, wheieas the actual equation lequires 
one molecule of oxygen to leact with two of nitiic 
oxide. Hence, the speed of the reaction is not pro- 
portional to the simple pioduct [NOlXFOj], 
but to the product [NO] X [NO] X [O 2 I, and the 
equation for the speed is 

S= KX [NOPX [O 2 ]. 

The student will undei stand, of course, that K 
has different values for the two reactions wbch 
we have discussed Even though the lempei atme 
be the same in all cases, K will have different 
values because we aie using dilterent reacting 
substances in the two oases 
The reason for sqiiaung the quantity [NO] in 
the equation above can be explained by lefeience 
to a similar and somewhat simpler leaction Let 
us oonsidet the reaction of hydiogen and sulfide 
10 ns to form, fust, the hydrosulfide ion (HS“), 
and then the molecule of HsS 

(1) H+ fS = :^HS- 

(2) HS- -h H-i HsS 

The speed with which leaction ( 1 ) pioceeds is 
expiessed as 

Si = KiX [II+[X[S=], 

but tbs reaction leads only to the formation ol 
the ion HS” To foim a molecule oi H^S, the 
HS" ion must leact with a second hydiogen ion 
(equation 2) Evidently, the speed (S 2 ) ol leac- 
tion (2) depends upon the speed with which the 
HS" ion IS fnimed by leactioii (1) The speed 
(Si) of reaction (1) is pioportional to [H']X [S^ 
and, theiefore, the concenti alion of HS" is also 
piopoitional to [H**"] X [S“] Let us, theiefore, 
substitute this pioduct ioi [HS"] m the equation 

Si= KiX [IIS-]X [H+], 

whoieupon we obtain the equation 

S 3 = K., X [Ii+] X [H+] X [S=] 01 
S 3 = KoX [H+PX [S=] 

for the speed (Si) of the reaction that icsults in 
the formation of hydiogen sulfide molecules from 
the two ions. 
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10. Reversible Reactions 
Many reactions are reversible; that is, 
under suitable conditions the products of a 
given reaction will take part in a reverse re- 
action to foim the starting mateiials Rc- 
veisible reactions to which we have referred 
in preceding chapters include (1) the oxida- 
tion of iron and the liberation of hydiogen 
in the reaction of steam and hot iron (page 
109) , (2) the oxidation of hydrogen chloride 
by oxygen (Deacon’s process, page 327), 
(3) the formation of hydiogen chloiide and 
sodium bisulfate by the reaction of salt and 
sulfuiic acid m solution (page 346), (4) the 
convcibion of sodium bicaibonate into so- 
dium carbonate, water, and carbon dioxide 
(page 384) ; (5) the combination of hydrogen 
and oxygen to foim ivater (page 418); anti 
many others In each of the reactions men- 
tioned ceitain conditions favoi one of the 
two leactions and other conditions iavor the 
othei Thus, non can be converted com- 
pletely into non oxide if the hydiogen pro- 
duced by the reaction is lemovcd completely, 
as it is loi med, by a constant stream ol steam 
But if hydiogen is passed continuously ovci 
the heated oxide, the leveise leaction is com- 
pleted, and the oxide is convcitcd into non 
and water; under these conditions the foi- 
waid leaction has little chance to take place, 
because the steam is swept out of the reac- 
tion vessel by the stream of hydi ogen, winch 
IS used, of coLUse, in excess In the forma- 
tion of water from hydiogen and oxygon, the 
foiwaid reaction is more nearly complete at 
1000° than at 3000°, because the higher tein- 
peiatuie favois the decomposition of water 

1 1 Irreversible Reactions 
Some leactions appeal to go to completion 
in one diiection Thus, theie is no evidence 
that the oxygen and potassium chloride 
formed when potassium chloiate decomposes 
recombine dnectly to form the oiiginal sub- 
stance under any conditions Similaily, no 
conditions have ever been found favoi able 
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for the lecombination of the water and 
carbon pioduccd when .sugar is heated It 
IS now thought, howovoi, that all reactions 
(theoictically, at least) are leversible if the 
proper conditions foi the levcrse reaction 
can be c.stablishcd 

12 The Equilibrium Constant 

We shall now proceed to derive a mathe- 
matical equation showing the relation be- 
tween the conccntiatioriB, at ciiiuhbiium, of 
all the .substances that take pait in a re- 
vel siblc reaction As we deiive and use 
this equation, we must keep m mind the fol- 
lowing consideiatioiis 

(1) All the factois that influeiire tlie speeds of 
leaction aie kept cori.stant except concentration 

(' 2 ) All ooncentiations must bo cxpiessed in 
terms of the iiuiuber of gram-molecular weights 
of the iGiicting siibstancQ m a definite volume 
(usually the liter). T'hcso conccntiations, if not 
stated, can be caluiliited by dividing tlio weight 
of the substance (expressed as giams pei liter) 
by the molecLilai weight of that sulislanoo Thus, 
the oonoentration of a litci ol oxygon which 
weighs 2 giams (the weight of a litei will depend 
upon the tempeiatuie and piessuio at which the 
liter is moasuied) is 2/32 = 0 0625 giam-molecu- 
lai weight pel htei A solution containing 80 
giams of hydioehloiio acid poi litei has a molecu- 
lai conoentiation of 80/30 47 = 2.18 giam-mo- 
lecular weights pei liter. 



Figure 199 In a ReacHon Involving Solids and 
Liquids and Gases, the Concentrations of the Solid 
Materials are Constant 

In the reaction between a gas and a solid, for example, 
It IS assumed that the reaction actually occurs between the 
gas and the gaseous stote of the solid The active concen- 
tration of the solid IS, therefore, proportional to its vapor 
pressure, which at a constant temperature, is constant as long 
as any of the solid remains 


( 3 ) The concentrations of all undissolved solids 
which take pait in a reaction may be considered 
as constant Consider the reaction between 
steam and iron 

4 H 2 O -f- 3 Fe ( Fe304 -{- 1 II 2 

The speed of the foiward reaction evidently 
depends upon the conoentiation of the steam, 
because all of its molecules are free to take part 
m this reaction, if they can come into contact 
with atoms of non Wo must assume that the 
atoms of iron that icact aie mixed with steam 
molecules and that, m fact, the leacting iron is 
m the gaseous state The concentration ot iron 
in this state is pioportional to lion’s vapor pres- 
suie, which foi a definite temperature is constant 
as long as any of the n on remains The ooncen- 
tiation of iron, theiefoie, is also constant It 
would be quite incoiicct to con.sidei that the 
speed of the leaction is proportional to the total 
quantity ot iron m a definite volume Hence we 
must considoi the solid’s conccntiation as con- 
stant dunng the reaction 

Let us now consider the hypothetical re- 
action in which molecules ot substance A 
change into molecules of substance B We 
shall think of the leaction as revei siblc, 1 e , 
molecules of B also change into molecules 
of A. 


Wc assume that one molecule ot A produces 
one molecule of B The speed (SJ ot the 
forward reaction, A — y, at equilibiium is 
expiessed as 

Si = [A] X Ki, 

wheie [A] is the molecular concentration of 
A, and Ki is the velocity constant that e\- 
pi eases the late at which A changes into B 
when [A] is one giain-molceulai weight pei 
liter The speed, S2, of the reverse reaction 
at cquilibiium is expiessed as 

Si = [B] X K2, 

wheie Ks is the velocity constant of this 10- 
action and is chlioiout, of couise, fiom Ki 
We undei stand that [A] and [B] repiesent 
the concentrations of A and B at eqmhhnum. 
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[a] does not lepresent the concentiation of A 
at the beginning of the reaction. 

At equilibrium, 

Si = 82 


Hence, it is also tiue that 

[A] X Ki = [B] X K2 

Dividing each .side of this equation by [A] X 
H2, we obtain 


Ka 



Since Ki and K2 aie constants, K1/K2 or 
IB also a constant , we call Kp the equilibrium 
constant of the leaction 
Staiting -with a definite concentiation of A 
and zeio concentiation of [B], the foiward 
leaction pioceeds to pioduce molecules of B 
and to deciease the concentiation of A 
As soon as any B molecules aie pioduccd, 
they begin to change back into A molecules. 
The speed of the reveise icaction is veiy slow 
in the beginning because of the small numbci 
of B molecules, but moie of these molecules 
are produced, and the speed of the leverse 
reaction incioases, as the foiwaid reaction 
continue.? Meantime, the speed of the for- 
ward leaction is decieasmg, because mole- 
cules of A are being consumed m this reac- 
tion Eventually, the speeds of the two le- 
actioiis become equal Regaidless of the 
concentration 01 total quantity of A with 
vliich we stait the leaction, [A] will continue 
to decrease and [B] to increase until 



If Kp is 1, A will change into B until the 
moleciilai concentiations of the two sub- 
stances aie the same 


Tf the speed of the fotwaid icaction is twice 
that of the reverse, for equal concentrations of A 
and B, it IS evident that the two speeds mil be 
equal and that equilibrium will lesiilt only when 
the nuiiibei of moleculcb of B 111 a definite \olume 
of the inntuie is twice the iiumbei of inolecul&s 


of A In this event, the equilibiium constant foi 
the reaction is 

[B] 2 _ 

If we could deteiminc the relative speed.s of the 
forwaid and leveise leactions foi equal ooncen- 
tiations of the substances involved in tlie reac- 
tions, it would be easy fiom these values to de- 
teiinine the equilibrium constant But the speeds 
of most leaetioiih aie dillioult and often impossible 
to deteimine Instead, we must dcteimine the 
concentiations ol tlic substances in the equilib- 
iium mixture by expeiiments of dilfeieiit kinds, 
and fiom these values we calculate the value of 
Ke foi the leaction in which the substances 
paiticipate 

13 The Equilibrium Equation for the Reaction 
A + B:?:±C + D 

Let us now consider the equation for the 
equilibuum constant of a reaction in which 
two substances, which we sliall designate as 
A and B, change into two othei substances, 
which we shall designate as C and D It the 
leadei desiies a specific example ot such a 
reaction, ho may substitute for the general 
equation the lollowing 

Ethyl alcohol + Acetic acid — y 

Watei -b Ethyl acetate 
CsI-LOH -I- HC2ILO2 — 

HOII + CatECsHiOa 

A -b B — C -b D 

Usmg the symbols [A] and [B] to lepiescnt 
the concentrations ot A and B, as before, 
we may wiitc the equation foi the speed (Si) 
of the forwaid icaction as 

Si = [AJ X [B] X Ki 

The velocity constant Ki, as bet 010, cxpicssos 
the speed with which the icaction ptocoods, 
uiidei a constant set of conditions as icgaids 
teinperatiiie, catalysts, and so on, wlien [A] 
and [B] are each one gram-inoleculai weight 
per liter The speed (S2) of the leverse in- 
action, C + D — IS expiessed as 

Sj = [C] X [D] X K2 
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At equilibrium, Si = Sa 
Hence, 

[A] X [B] X Ki = [C] X [D] X Ka 
Dividing each side of tliiH equation by 
[A] X [B] X Ka 

we obtain: 

[ C] X [m 
Ka [A] X IB] 

As bcfoiG, Ki/Ka will bo, designated as K^, 
the equilibiiuin constant 

^ [ G] X [D] 

" [A] X [B] 

The equilihnum constant, Ko, as defined in 
the above (‘quatimi is a numliei It may be 
lound by niuilyjiing the cquildmum nu’ctuie and 
detoi mining fioiii tlio icsults of the analysis the 
molooidai coiu'eiiliatioiis of A, U, C, and 1) 
Knowing the inok'uulai (iiiaiitities (as shown by 
the equation) ol the substanees that aie involved 
m the leactioii, and kiiowuig the coiioentiatioiis 
of A and B in the beginuiiig, it is usually sulheient 
to find by analysis the equilibiium couoentiation 
of a single substanoe lu the loactioii mixture 
If thiCG giam-moleeuhu weights of A and two 
of J3, pei htei, aie added at the bogiiimiig of the 
leaetion, and if, when equilibrium has been 
leached, one guim-molecuhu weight per litei of 0 
has been foiined, it is easy to see that the con- 
ceiitiatioiis of the four substanees arc 


[A] = 2giaiii-niolc('ulai weights per liter 

[B] = 1 giain-molcculai weight pei liter 
|C] = 1 giain-moleculai weight pei liter 
[D! = 1 giam-nioleculai weight pci htei, 


since one molecule of A reacts with one ol B to 
foim one of Cl and one of D Under the condi- 
tions that lesult m the state ol ciiuilihnum that 
we have dcseiibed, the value of Ko is 


IX 1 
2X 1 


[U|X[D] 

[A] X [B] “ 


) 2 Ol 0 5. 


14. The Meaning and Use of the Equilibrium 
Constant 

Stated in woids, the eqiuhbiium equation 
has the following meaning When a i eversible 


reaction (of the type A -i- B C + D) 
has reached equilibrium, the ratio of the 
product of the concentrations of the sub- 
stances formed to the product of the concen- 
trations of the ongmal substances has a 
definite numerical value The value of this 
ratio IS quite independent of the original 
concentiaiions of the reacting substances 
It docs vary, however, AVith certain condi- 
tions, such as tempeiatuie The reaction 
has leached equilibrium only when the 
dehnite value of this ratio has been attained, 
and until this condition is fulfilled, the reac- 
tion is proceeding in the direction that will 
establish the lequiied value 

The value of for a given reaction is im- 
portant, because it shows the extent to which 
the reacting substances aie convcited into 
the piodiicts ol the leaction A large value 
for Ke denotes a reaction in which relatively 
large poitions of the leactants are changed 
into the products of the leaction, while a 
small value of Ko shows that the forward 
leaction occurs only slightly before equi- 
librium is reached Intoi matron concerning 
the values of Ko under different conditions, 
such as different temperatures, is often of 
extiemc importance If these values are 
known, the conditions most favorable to the 
leaction in which wc are interested can be 
selected 

15. The Equilibrium Equation for the Reaction 
2A-t-B— J-C + D 

For leactions in which moie than one 
molecule of a substance is involved the equi- 
hbinim equation takes a slightly different 
form The modification involves, however, 
only the concentrations of the reacting sub- 
stances For the reaction 2 A -f B — wc 
have shown (page 423) that the speed (Si) is 
expressed by the equation 

Si = [A]2 X [B] X Ki 

The speed (Si) of the leverse loaction C -f D 
— h IS expiessed by the equation. 

Si = [C] X [D] X Ki 
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Hence, the equilibrium constant foi the re- 
action 2 A + B -^±. C + D IS given by the 
equation 

Tc _ [G] X [PJ 

[A]2 X [B1 

16. Problems Based upon the Principle of the 
Equilibrium Equation 

ia) The pruduetion of piodiicer gas depends 
upon the reduction of eaibon dioxide by carbon 


foi the concentiations, the equilibrium constant 
is given by the equation 


K„ = 


PN. X phi. 


The paitial pressuie of aiiiinoiiia is 102 X 100 
atins , pa 2 18 G7d6 X 100 aims , and Ph 2 H 224') 
X 100 atms 
Hence, 


Ke = 


(10 2 )= 

22 45X (67 35) ‘ 


= 1 5 X 10“'’ atm 


C (solid) + 002:^2 CO 

The equilibiiiim mixtuie at one atmospheie and 
a temperatuie of 1123“ contains 93 77 pei cent 
(by volume) of caibon monoxide and 6 23 per 
cent of carbon dioxide The equilibrium constant 
of the reaction is given by the equation: 


Ko = 


[CO? 

[CO 2 ] 


Now the concentrations of the two oxides are 
pioporfcionalto then paitial ptessure.s and, thcie- 
fore, the equation for the equilibrium constant 
can be written as 



P200 


The partial pressures of the two gases aie in the 
same ratio as the lelative quantities — 01 the 
number of molecules — of the two gases m a 
defimte volume of the mixture Tlieiefore, 


(0 9377)^ 
0 0623 


14 11 atms. 


(b) The production of ammonia by the direct 
combination of hydrogen and mtiogen is one of 
the important reactions that is used to “fix” 
the nitrogen 111 the atmospheie as valuable and 
useful compounds 


(c) Let u,s consider the reaction between elliyl 
alcohol (CiHsOH) and acetic acid (HC 2 II 3 O 2 ) to 
foim watei and ethyl acetate (C 2 H 6 C 2 H 3 O 2 ). 

C 2 II 5 OH + HC,I-LO, HOII + C.HsC.ILO- 

The equilibnum con.staiit of this reaction is 
given by the equation 

[C^H^CoILO^l X [HOH] 

" [OjHjOH] X [IIChILO J 

The speed with which tins leactioii jiioceeds may 
be followed by determining the coucciitiation of 
acetic acid at diffeieat time mteiv’ah jn ociiial 
samples of the imxtuie If equal molecular 0011 - 
centiations of acid and alcohol aie mixed 111 the 
beginning, it will bo found, at oqiuhbiiuin, that 
two thuds of each gram-molecule (pei htei) of the 
acid ha.s been coiiveited into ethyl acetate and 
watei at a temper ature of 10° What is the equi- 
librium constant ol the leaction? 

The concentiations of acid and alcohol m the 
begiiiiimg weie equal, and two thiuh of each 
giam-molecule of the acid and, of ooiiise, an 
equivalent weight of the alcohol aie conveited 
into ethyl acetate and watei This loaves, theie- 
foie, one thud of a giam-molccule each of the 
acid and the alcohol, and two thuds ol a giairi- 
molecule each of watei and ethyl acetate aio jno- 
duced Substituting those values 111 the etpu- 
libmuti equation, 


N 2 + 3 LL 2 NH 3 

The composition of the equihbiium mixtuie of the 
thiee gases at 400° is as fohows ammoma 10 2 
pel cent (by volume), nitiogen 22 45 per cent, 
and hydrogen 67 36 per cent What is the 
equilibrium constant foi the leaotion at the given 
temperature and a total pressure of 100 atms.? 
Substituting the partial pressures, once more. 


2 '3 X 2 '3 
1/3 X 1/3 


4/^ 

1/9 


= 4 (appioximate) 


FACTORS THAT DISTURB EQUILIBRIUM 

17. The Effect of Changes in Concentration 
What will be the effect upon a reaction at 
equilibrium of adding or removing one of 
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the substances that pai ticipates in the ic- 
aotion''’ Let us consider that the leaction 

CjHsOH + HChllaOi < non + ChlljCjHsOj 

IS at eciuililiimm. The concentiation of the 
ioiu substanres, tlicKdcne, must be such 
that the equililnnun eipuition is satislied 

[IIOlIl X [CblLC'oILOj ^ 

[CjhOH) X [IKUUhi 

This cquilibiiuin is distuibed when some of 
the water, ioi example, is removed horn the 
mixture by adding some substance which 
leacts with water liui, with no other sub- 
stance in the mixtuie The icmoval of watci 
causes tlie laiio of the pioducts of the con- 
centrations to lie smallei, foi the time at 
least, than tlu' eiiuihbiiuiii constant 
Hence the leaetiou must adjust m such a 
maniK'i that the value ol Iv„ will be lestoiod 
If this IS to liappi'ii, the concentiations of 
alcohol and acc'fic acid must bi'ciome smallei, 
and those ol wati'i and I'tliyl aci'tatc must 
become laifrei, until the ratio has again at- 
tained the same value as Ko) tins means, of 
couise, that, tiu' loiwaid leuction becomes 
mure nearly (onijilete as waiiei, one of the 
products, is H'liKA ed 

The elfect ol iiieu'asuig the concentiation 
ol wat,ei IS diiecth' opposite to the ofleet of 
its removal When watei is added, the latio 
will be largei, temporal ily, than the cqiiilih- 
num constant In adjusting to re-establish 
eciuililimim, the icactioii pioduces alcohol 
and acetic acid nioie lajiidly than they are 
consumed by the loiwaid leaetioii, until the 
pioduct of their eoneeiiti atious divided into 
the piodiut. ol lh(' eonec'iit.iutioiis ol watei 
and etlivl aci'tafe is agiim ecjual t.o tiie same 
lahie as beloie Wlieii eqiiilibiium is le- 
established, tlie eonceiitral-ion ol ethyl ace- 
tate will be smallei tlian it was before moic 
watei ivas added, the conccnivniwns of al- 
cohol and acid will be gioatci 

As shown above, it is possible to conveit 
one substance more neaily completely into 
the products of a icaction by mcieasmg the 
concentiation of the substance that leacts 


DISTURB EQUILIBRIUM 

With it Moie ethyl acetate can be con- 
verted into ethyl alcohol and acetic acid by 
inci easing the concentration of water Simi- 
larly, moic alcohol can be conveited into 
watei and ethyl acetate if a largo excess of 
acetic acid is used The same result is ac- 
complished, also, by lemovmg the watei as 
it is formed 

The pimciple just described — the effect 
of changes m concentration upon the equi- 
libiium of a reaction — is frequently of great 
impoitancc and value Let us assume, foi 
example, that in the reaction 

A + B:;r^C + D 

A is a costly substance and B is relatively 
inexpensive Without changing othei con- 
ditions, such as the tempciatuie, it is possible 
to conveit a definite quantity of A into C 
and D more nearly completely if we use sov- 
cial times the theoietically lequiiod concen- 
f,iaUon of B, which is one molecule of B foi 
each molecule of A In this manner the 
chemist can contiol to some extent the con- 
centiations of the substances that take 
pait in, Ol aie produced by, a icaction, al- 
though he does not change the equilibrium 
constant oi the leaction 

18 Le Chatelier's Principle 
The elfect of changes in concentiation 
upon chemical equilibiium is one illustration 
of an important generalization called the 
Principle of Le Chateliei This principle 
states that a reaction at equilibrium will 
mljusl itself in such a way as to counteiact and 
iche.ve the effect of any foi ce or stress that dis- 
turbs the eqitilibiiiiin state Thus, a change 
in the eoiicentiation of hvdiogen m the fol- 
lowing leaclion may be legaided as a stiess 
that distuibs the equililii lum 

3 Fc + 4 H,0 F^Oi -1- 4 PL 

In oveicoming or countei acting the effect of 
this stress, non and steam will leact more 
nearly completely, if hydiogen is allowed to 
escape or is removed On the other hand, 
they are consumed to a smallei extent if 
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the reacting system is placed in a closed 
container and hydiogen is forced into the 
vessel under piessuie, so that its concentra- 
tion lb increased Stiesses may also be pio- 
duced by changes in tempeiatuie and pres- 
sure, but a change in the latter is a stress 
only if the reacting substances, or at least 
one of them, are gases 

1 9. Effect of Changes in Pressure upon Equi- 
librium 

In the leaction 

CaCOs ::;=t CaO 4- CO2 

the only gaseous substance participating is 
carbon dioxide, solid calcium carbonate de- 
composes into the oxide, ivhich is a solid, and 
the dioxide Since the concentiations of 
both solids can be regarded as constant, the 
equilibrium constant for this reaction may 
be written as 

[CO2] = Ke 

This equation signifies that the concentia- 
tion of carbon dioxide, m equilibiium with 
both the carbonate and the oxide, at a defi- 
nite temperature, is constant, since the con- 
centration oi carbon dioxide is piopoitional 
to its pieshine, the pressure of the caibon 
dioxide in equilibrium mth the two solids is 
also constant If the piessuie of the gas 
were increased beyond the constant equi- 
librium pressure, the reaction would adjust 
to restoic cquilibnum hence, the reaction to 
the left would occiii moie rapidly than that 
to the light, until only sufficient carbon 
dioxide remained to establish the piessuie — ■ 
and hence the concentration — ■ required for 
equilibrium This pressuic is the same, if 
the tempeiatuie remains constant, as it was 
before the equilibiium was disturbed and is 
independent of the total weight of carbonate 
01 oxide involved Theiefoie, since 

[COJ = K„, 

the value of the cqmhbnum constant ^s not 
affected by the change in ’piessure It should 
be noted, howevei, that an inciease m the 


pressure of the gas does result in the produc- 
tion of less calcium oxide than would be 
possible if the pressure were allowed to 
lemain at its lower value 

As a general rule we can state that the 
effect of an mciease in pressure upon reac- 
tions m which gases are involved is to shift 
equilibiium in the direction of the sub- 
stances represented in the equation for the 
reaction by the smallei total numbei of 
molecules of gases In the decomposition of 
calcium carbonate, foi example, an inciease 
in the pressure of carbon dioxide shifts the 
equilibrium m the direction of calcium car- 
bonate, thus reducing the numbei of caibon 
dioxide molecules per unit of volume The 
stress produced by the increased prcssuie is 
thus lehevcd in keeping with Le Chateliei’s 
piinciple, because the increase in pressuie is 
coiintei acted by a decrease in the numbei of 
molecules, a change that lowers the piessuie 

Since changes in pressuie can be inter - 
pieted as changes m concentrations of gases, 
the effect of pressure changes can bo re- 
garded as a special case of the disturbance of 
equilibiium caused by changes in concentia- 
tion 

20 Two Examples of the Effect of Pressure 
upon Reactions 

Let us lofei once again to the leactioii (jiagc 
428) by winch ammonia is produced fiom mtio- 
gen and hydiogen 

Nz 4- 3 II 2 2 Nils 

The equation shows that two molecules of am- 
monia aie pioJuced from one molecule of mtio- 
gen and thiee ot hydiogen, 01 linm foui molecules 
in all If a mixtuie containing these thiee gases 
m equihliuum is sulijected to an incieaho m 
piessure, the concentiatioii of ammonia will be 
increased, and the concentiations of mtiogeii and 
hydrogen will be clecioascd This effect is m 
keeping with Le Chateliei’s piiiuiple liocauso, if 
the volume and tempeiatuie aio uncluiiigod, 
two molcculos of ammonia will exeit less piessuie 
than foul molecules in all of liydiogcii and nitio- 
gen, the only way m which the mciease 111 pies- 
suie can be couiitciacted is by reducing the 
numbei of molecules that exei t the pressure, and 
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this IS the lesiilt when nitiogcn and hydiogen 
are conveiteil into ammonia. To pioduce am- 
monia by this reaction a i datively high pressure, 
the! cf ore, is desiiablc 

In the leaotion of caibnn monoxide with water 
vapoi , 

CO -h II..0 — CO. -h IIj, 

theie IS no change m tlie total number of mole- 
cules pel unit ol volume as the reaction occurs — 
two molecules an- pioduced fioni two molecules 
Hence a change in pi cs.siik' lui.s no clleet upon the 
lolativc coiiceutiations of the loui suhstanceK, 
the yield of hydiogen cannot he meieased by 
eitliei an incicaso oi a deciease ol jiiessuie 

21. Effect of Changes in Temperature 

The tcmpeiatuie of a .system u.se.s oi falls 
as heat is added or lemoved When the 
system is undei going, a chenueal change, heat 
may be added to it ior two leasons (1) To 
raise the tc>mpeia(.ui'i' iii oidei that the 
velocity of the leactioii may he meieased, 
and (2) to change the criuililinuin constant 
so that a greatei yudd of the substance that 
we desire to inoduee may be obtained The 
fust of those elleets, the incH'ase m velocity, 
has already been discus, sed (page 419) 
Many leaelions pioeocd almost to comple- 
tion betore oiiinlibuum is established, but 
the velocity ot the lor wind reaction may be 
so slow that the pioduct is not foimed lap- 
idly enough to allow the reaction to bo u.sed 
commeicially lii that event, the reaction 
may be spec’ded up and moie of the product 
may be foimed in a given peiiod of time by 
mcieasirig the tempei al-ure 

In eonsuleiiiig the desirability of applying 
heat to uuse (he tmnpeuituie, we must liear 
in mind, lunvi'vei, tlio elTeet of lu'at upon the 
eqmlibiiumol tlie leaetion. The addition of 
heat constitutes a "stress” in the sense in 
winch that teim is usi'd m Le Chatelier’s 
punciple. Accoulmgly, the equilibiium will 
be shifted in the diiection m which that 
stiess IS leheved Wiicn heat is applied, 
this means that the leaction in which heat is 
absoibed will be favored. 


22. Two Examples Showing the Effect of Tem- 
perature Changes 

Let us consider again the reaction 

N 2 -b 3 H 2 2 NHi -f 22,000 calories 

When two gram-molecular weights of am- 
monia are pioduced fiom nitrogen and hy- 
drogen, 22,000 calorics of heat aie liberated 
A like quantity of heat is absoibed when 
the leverse reaction takes place, and two 
gram-moleculai weights of ammonia are 
decomposed into i.he elements As long as 
the leaction is at eqmlibnum, the heat lib- 
eiated by the forward reaction is absoibed 
by the reverse reaction, since the two aie 
occuiring at equal velocities If heat is 
added from an outside source, the icaction 
that absorbs heat will be favored, that is, 
the substance 01 substances that icquiic 
absorption of heat when they aie made will 
be produced in laigei quantities, and then 
concentrations will be increased, while the 
concentiations ot the substances that pio- 
duce them will be decreased If the reaction 
is earned out under conditions in which heat 
Ls removed, the temperature will bo kept a1 
a lowei value, and equilibrium will be 
shifted towaid the completion of the reac- 
tion that evolves heat The point of equi- 
libiiura cannot bo shitted m this manner, 
however, without changing the value of the 
equilibiium constant, which has a different 
value for each temperature 

Fiom a considei ation of the above principles it 
iH evident that the leaction of hydrogen and 
nitrogen should be earned out at lelatively low 
tempeiatuies, if it is to be u.sed to pioduce am- 
monia commeicially At low Icmpeiatures, 
liowevei, the velocity of the leaotion is undesir- 
ably slow Foi a defimte tempei atm e, the yield 
ot ammonia can be meieased considei ably by 
increasing the pressuie, but the reaction occurs at 
a very slow late H the leactioii is operated at a 
very high tempei atm e, the velocity may be in- 
creased but only at the cost of cutting down the 
yield to a point where the leactioii is of little 
piactical value The only solution to the piob- 
lem, therefore, is to find some catalyst that will 
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increase the velocity of the reaction at tempeia- 
tuips that do not seiiou.sly slnft the equilibrium 
in the vvi ong dii cction The i oaction is used com- 
mercially to produce ammonia The opeiatmg 
conditions consist of a tempciature around 500° C 
and a pressuie of 200-1000 atmospheres To 
inciease the speed at this temperature seveial 
different catalysts have been employed One of 
the most effective catalysts is a mixtuie of finely 
divided iron and two oxides, of which one must 
bo basic and the other acid The two oxides 
sometimes used are KaO and AI 2 O 31 which, 
combined, form potassium aluminate 

Let us also consider the effect of increasing 
the tempeiatuie upon the reaction used to 
produce water gas 

H 2 O -h C GO + H 2 - 28,000 calories 

The mixtuie of carbon monoxide and hydro- 
gen rs produced from steam and carbon only 
as heat rs absoibed In accordance wrlh 
Le Chatelrer’s prrnciple, tiic applrcatron of 
heat wrll favor the reactron producing hydro- 
gen and carbon mouoxrde, because this re- 
action requires the absorption of heat In 
practice, the carbon (coke) is heated to red- 
ness, and steam is blown thiough it The ab- 
sorption of heat causes the temperature of 
the coke to fall and the reaction soon ceases 
A continuous supply of heat is provided hy 
blowing alternate blasts of steam and an 
through the mass of coke The an staits 
combustion again and reheats the coke, 
if its tempeiatuie has not fallen too low 
This reaction may be theiefoie earned out 
at tempeiatuies wheie it occurs with satis- 
factory velocity without the aid of a catalyst. 

Review Exercises 

1 Why do some cliermcal changes appear to 
stop long befoiG the quantities of substanees 
added m the beginning aie consumed'’ 

2 When can a reveisible leaction be said to 
have attained eqmhbiium? 

3 Would the searoli foi a catalyst which would 
acceleiate the decompoMtion ot water into 
hydrogen and oxygen at 20° be woith while? 
Explain 
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4 Why does the reaction of hydiogen and oxy- 
gen at tempeiatuies below 1000° appeal to be 
irreveisible'^ What evidence is tlieie that this 
reaction is reversible? What conclusion might 
be reached if tins leaction could be ohseived 
at the temperatine of the siin? 

a The compound called zeolite, NaHoAlSiOv, is 
used to soften water When hard watei flows 
through a layei of this mateiial, the sodium 
IS replaced by calcium and Ca(HoA.lSi 07)2 is 
formed, the sodium ion lemaining in solution 
To restoie the zeolite to its loimer condition, 
so that it may be used again, the calcium com- 
pound is heated with a solution ol NaCl 
What principle is involved heie? Explain the 
action of NaCl 

6. The equilibiium constant for the leaotion, 
No -h O 2 2 NO, at a given temperatur e is 
0 0035 Explain this statement What ii^-e 
might be made of mfoimation of this land? 

7 Describe and explain the elfect of (1) in- 
creased pressuie, (2) deci eased tempeiature, 

(3) mcieased concentiation of chloime, and 

(4) decreased concentiation of cliloiine, 
upon the following leveisihle leaotion 

PCh PCI, -f CI 2 - 39,500 caloiies (All 
the substances involved aie gases ) 

8. A -h B C -h D Compai e the speeds of 
the foiwaul and reverse reactions (1) when 
A and B are fiist mixed, (2) at ec[uihhuum, 
(3) at time mtoivals between (1) and (2) 
How do the concentiatioiis of A, B, C, and D 
change fiom the tune the mixtuie of A and R 
lb first made until equilibiium is leaclied? 

9 What effect does an moiease in piessure have 
upon the equilibiium condition of each of the 
following reactions? 

H 2 S H 2 + S (Solid) 

2 SO 2 -t- O 2 2 HOj 

2 C (solid) + 0: 2 CO 

10 The equilibiium mixtuie which losults, undci 
a total piessure of 1 atm , when sullui diox- 
ide and oxygen are brought togetlioi contains 
50 pei cent by volume of SO 2 , 16% pei cent 
of O 2 , and 33% per cent of SO, Calculate 
the equilibiium constant 

11 State in words the meaning of tlio equilibiium 
constant (0 0035) in question G 

12 How is the speed of a reaction determined? 
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Name the different factois, that influence the 
speed of a reaction 

13 Collect the follnwiiiK statement Eqinlibimm 
IS the condition which is leaclied when a 
icveihible leaction has pioceeded as, fai as it 
can be made to so m one diiection 

14 Collect the followms statoinent When a re- 
action has I cached eiiuilihiiiim no fmthei 
leactinn takes place 

15 The coiivoision of a rnixtuic of nitrogen and 
hydiogen into aminoiua (page 430} is very 
slow at 400° Why is it not practical to cany 
out this inaction at 1000°, at which tire speed 
of the leaction would be much fastei? 

IG What fiictoih that influence the speed ot a 
leactioii may be changed without affecting 
the eiiiiihl Ilium coiislant of the leactioiff 

17 State be Chatohei’H imiiciple Apply it to 
the effect of an mcioase m piessiiic upon a 
leveisible leaction involving gases, to the 
effect of ail mciease m the conccntiation of 
one of the leactmg substances; and to the 
effect of the addition of heat to a icaction in 
which heat is evolved by the foi wind icaction 

18 What IS the distmctioii between the quantity 
of a substance and the coiicentiation ot the 
same substance? Explain, by using siiitalile 
illustiations, the cdiulitioiis imdei which each 
of these teinis can lie used coiicctly 

19 According to the geneial lule coiiceimiig the 
effect of tempeiature upon the speed of a le- 
actioii, liow many giams of a substance can 
be piodiiced pei miiiiite at 100° if 1 g of the 
substance is produced in one minute at 0°? 


Assume concentrations and othei conditions 
are the same foi the two temperatures 

20 When the reaction, A + D:^C, has 
reached equihbiium, it is found that the con- 
centrations of A, B, and G aie, lespectively, 
2, 3, and 1 giara-moleculai weights per htei 
Calculate the equilibrium constant of the 
leaction 

21 What were the oiiginal concentrations of A 
and B, at constant volume, in the leaction of 
the pieeedmg exeicise if there was zero concen- 
tration of C at the begmmng of the leaction? 

22 Calculate the eqmhbiium constant foi the 
reaction, A-|-B::^2C, if the concentra- 
tions of A, B, and 0 at equilibiium are, le- 
spectively, 3, 3, and 2 gram-molecular weights 
pci litoi 
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Tlie next step was also qmte clear, the active 
molecules, which are active in regard to electricity 
{good electrolytes), are also active in regaid to 
chemical properties, and that was the great step, 
I got that idea on the night of the 17th of May in 
the year 1883 

AnEHENIXJS 


I. Introduction 

We aie eonceined pumauly, in this chap- 
ter, ivith states of equilibrium that exist in 
solutions and that involve different ions and 
also, in many instances, molecules Tem- 
peratuie and piessuie have little effect upon 
the equihbiium conditions of ionic reactions 
Changes in the concentration ol one ion, 
however, may have profound effects upon 
the concentrations of other ions involved in 
the same equilibrium In this chapter, we 
shall be conceined, therefore, mth several 
diffoient types of ionic equilibiia, paiticu- 
larly as these may be influenced by the addi- 
tion 01 icmoval of one or more ions We 
shall hist study equihbiia involving the ions 
and molecules of acids and bases Accoid- 
mgly, 0111 first task is to define these teims 
more fully than we have done previously 
and to deteimiiie, as far as we can, the natuic 
of their ionic bchavioi in solutions and in 
reactions in which they participate 


with salts by double decomposition, particu- 
larly if the acid thus libeiated is a gas oi if 
it decomposes to form a gaseous product. 
As regaids composition, all acids contain 
hydiogen, but all compounds which contain 
hydrogen are not aeids 

Acids and Bases Defined in Terms of Arrhenius's 
Theory 

According to the fheoiy of ionization pro- 
posed by Aiiheniiis, an acid is defined as a 
substance that icleases at least a poition of 
the hydrogen that it contains as hydiogen 
ions when it is dissolved m water oi certain 
other solvents By this definition, the solu- 
tion of any acid contains a certain numbei 
of free hydrogen ions per unit of volume, the 
exact number depending (1) upon the num- 
ber of molecules of acid dissolved in a definite 
volume of solution, and (2) upon the tend- 
ency of these molecules to ionize as meas- 
uied by the appaient dcgicc of lomzafion of 


ACIDS AND BASES 

In discussing acids m pievious sections of 
this book, we have shown that they possess 
certain piopeitics in common With hydi ox- 
ide-bases they foim salts, they pioduce cer- 
tain color changes in indicatois; many of 
them leact with the moie active metals to 
hba'ate hydiogen, and many of them leact 
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tnc acid Bases are denned, in accordance 
ivith the same theoiy, as substancc.s that 
pioducc hydroxyl ions in aqueous solutions 

2. A Newer Concept of Acids 

The concept of an acid as a substance 
that must first liberate hydiogen ions spon- 
taneously before it can act as an acid is no 
longer regarded as a satislactoiy definiLion 
Hydiogen ions aie protons, and there is 
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little reason to believe that free piotons can 
exist in solution to any gieatci extent than 
fiee elections Instead, it is thought that 
they cithci lemaiii as parts of the molecules 
of the acid, oi they leave these molecules to 
form covalent eoniliinations with molecules 
or ions ol other sulislances An aeid, thcie- 
fore, forms ions in a solution only if its pro- 
tons foim (‘ombinaluins with molecules of 
the solvent (iiage 155) Thus, ammonium 
ion is produced in a solution of the acid HA 
111 liquid ammonia, and the hvilioiuum ion 
IS produced in a solution of the same acid in 
watci ■ 

NI-I 3 + IIA NH,+ + A- 

I-IaO -MIAq=±njO' -hA- 

An acid in defined, theujore, as a prolon 
donor, a subslanee that gives up piotons to 
anothei sidislanee In so doing, the acid may 
pioduce ions as shown ui the equations 
above, but this is not 1 1 iie of acids in general 
Foi example, the liydionium 1011, II,iO'',is an 
acid and, as such, it may 1 eact with A~ in the 
reverse I'oaetion di'seiibcd m the equation 
above to foiiii wati'r and the acid IIA, in this 
instance, the' acid is an ion itself, and it icacts 
to foira neutial molecules The distinguish- 
ing chaiaetenslic of an acid, therefoie, is 
not its piodiietion of any one kind of ion, or 
its pioduction of any 10ns al, all, but its be- 
havior as a souiee of piolons that can be 
supplied foi conibinalion with the mole- 
cules 01 10ns of other substances Viewed 
in this light, diy hydiogen chloiidc is as 
much an acid as its acpieous solution. In 
fact, m aqueous solution molecules of hydio- 
gen chloride' proliably exist only in small 
numbers, piaclically all oi them having re- 
acted with moleeiih's oi wati’i to form hy- 
dronium (II/)') 10ns In this case the hy- 
droniiim 1011 insit'ad ot the HCl molecule 
acts as the acid The same is true of solu- 
tions of other strong acids such as HNOi, 
HBr, and HClOi Since the leal acid in 
solutions of all ot these is the hydronium 
ion, it IS easy to undei stand why these acids 
appear equally strong in anueon'i solution 


They do not appear to be equally strong 
acids m other solvents, such as benzene, 
in which ions conesponding to the hy- 
dronium lon cannot be formed, and m 
which molecules of the different acids, 
themselves, must act as the pioton donors 

3 Bases and Their Reactions with Acids 

In keeping with the now dehmtion of an 
acid, a base is a substance that accepts pi otons 
from an acid The following gt'noial equa- 
tion selves to illustiate the idles played by 
both bases and acids 

HA -h B BH -h A". 

B IS the base and HA is the acid One 01 
both may be electrically charged or they 
may be uncharged molecules The hydrogen 
1011 (IT*') piobably never exists fiee, it either 
remains in the acid molecule IIA 01 it com- 
bines, when A" is formed, with another sub- 
stance which acts as a base The lollomng 
ecpiations illustrate reactions between acids 
and bases In (1), for example, HA is 
PIC2H3O2, and B is the water molecule In 
the leveise leaction, (HsO'*') is the acid and 
the CaH'iOz'' ion is the base Wo see, heie, 
illustrations of an electiically charged acid, 
HaO'*', and a neutral acid, HC 2 H 3 O 2 Like- 
wise the base C2ll302“ is charged, while H2O 
IS neutral The reactions of other acids and 
bases are shown by the othci equations 

Acid Base Acid Base 

( 1 ) IICjHsOz + H2O H3O+ H- C2H3O2-. 

( 2 ) IT2O + NH3 NHi+ -h OH-. 

(3) H3O++ 0H-:;zt2H20 

( 4 ) HC 2 li 302 + NHa NHi+ -|- C2H3O2- 

(5) TIC2H302 -{- OH~ ^ HOH -H C2II3O2" 

It will be noted that water, itself, acts as a 
base in accepting piotons from acetic acid 
to form hydronium 10ns Ammonia, the 
hydroxyl ion, and the acetate ion are also 
bases In the forward reaction of (2) the 
water molecule reacts, however, as an acid in 
yieldmg a proton to the molecule of am- 
monia 

fhe views of acids and bases that we have 
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just discussed were fiist expressed compre- 
hensively in Iheones foimulated by Bionsted 
and Lowry They are frequently icfeiied to 
m chemical literature as the Bronsted con- 
cept of acids and bases. In keeping with 
this concept, a substance that can act either 
as an acid or as a base is described as 
amphipi otic 

4, bleutralization in Aqueous Solutions 

According to Arrhenius’s theoiy, the 
neutralization of an acid and a base in aque- 
ous solution IS a reaction m which hydrogen 
ions of the acid and the hydroxyl ions of 
the base combine to form water, leaving the 
positive ions of the base and the negative 
ions of the acid to form a salt, e g , NaCl 

Na+OH- -t- H+Cl- — Na+Cr + HOH 

According to the point of view of Bron- 
sted, the acid, when it is dissolved in water, 
reacts with water molecules 

HC1-1-H20--+-H30+ + C1- 

Thc sodium hydroxide — an ionic com- 
pound — is completely ionized When so- 
lutions of the two substances arc mixed, the 
following reaction occurs 

(Na+ + OH-) + (H3O+ + Cl-) — > 

2 HjO + (Na+ + C1-) 

Actually, according to the Bronsted con- 
cept, sodium hydroxide is a salt When 
dissolved m water, the anion, OH", of this 
salt acts as a base when a substance that 
can supply protons is added to the solution 
In aqueous solutions, other bases also pro- 
duce hydroxyl ions by reacting with mole- 
cules of water For example, 

. NHs + HjC ) NHi+ + OH- 

CjI-LOr + H2O HC2H3O. + OH- 

In aqueous solutions, therefore, the base 
that reacts with an acid is the hydroxyl ion 

The tendency ol this base (OH") to re- 
move piotona from acids is stronger than 
that of other bases, such as NHa and 
CsHaOr, because water, which is produced 


by OH" ion when it acts as a base, is much 
less ionized (is a weaker acid) than the sub- 
stances produced when other bases accept 
protons from acids. 

5. Protolysis 

According to the Bionsted concept, nou- 
tialization is a special case of a reaction 
between an acid and a base m which molecules 
of wato are produced In several of the reac- 
tions listed on page 435, the reaction of an 
acid mth a base, e g , 

HC2H3O2 -h NHj < h NHA + CjIIjOi-, 

does not ptodiice water The fundamental 
characteristic of these reactions ls the 
iiansfer of protons from acid to base A 
reaction in which this transfer oceuis is 
called a protolyhc reaction 

6 Present Status of the Concepts of Acids and 
Bases 

It IS unfoitunate for the student that acids 
and bases aie still defined and ti eated m chemical 
literature from both the old and the new points of 
view The new concepts aie favored, m geneial, 
because they can be applied to solutions m sol- 
vents other than water, and even to acids and 
bases that aie not disisolved at ail Tlie oldei 
concepts are still in ev idence laigely because most 
of the leactions between acids and liases that aie 
studied Ol used in the laboiatoiy occur in acpieous 
solutions, foi which our choice of definitions is 
not a matter of great moment 

For our piesent study, we shill make consider- 
able use of the older concepts, since the solutions 
with which we me conceinod are those m which 
water is the .solvent, and since, also, we shall deal 
with many weak electrolytes, most of which aie 
acids Attei all, tlieie is no fundamental diffei- 
ence between the two definitions ol acids, both 
include the piinciplr that an acid must yield 
hydiogen inns to aiiothei substance In aqueous 
solutions, accoiding to the oldei theoiy, hydiogen 
ions are liberated by the acid and aie then free 
to act with a base, the latei theory also deals 
with hydiogen 10 ns and, in aqueous solution, 
these aie hydrated. When these hydrated hydro- 
gen ions react with a base, however, it is the 
hydrogen ion or proton that reacts, and the water 
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molecule of the hydrated ion is set fiec again 
Thus, the essential point of dilfeience involves 
the method hy which ions are libciated from the 
acid, and also, of couiso, thoie is the question ot 
whetlici 01 not the acid must first ionize before it 
can loact The Intel tlicoiy assumes that in sol- 
vents unlike watci and like benzene there is no 
pielimmiiiy ionization of the acid, molecules ol 
the acid leact directly by tiansfeiimg protons to 
the base 

7 Strengths ot Acids, Bases, and Salts 
Since eaily in the histoiy of tlic Arrhenius 
theory, the strengths of elcctiolytes have 
been compaind by determining then appai- 
ent degiees, oi peiccntages, of ionization in 


aqueous solutions of the same concentration 
These comparisons have been based, for the 
most part, upon appaient degrees of ioniza- 
tion as measured by the conductivity method 
(page 477) The values thus obtained are 
fairly accurate measures of strength — foi 
aqueous solutions at least — regardless of 
which theory of electrolytes we accept 
Ceilain strong electrolytes may be com- 
pletely ionized, but even for these com- 
pounds the apparent degree of ionization is 
a measure of the extent to which then ions 
are independent and are not restricted by 
attractions that exist between them and 
othei ions or molecules m the solution To 


TABLE 23 


The Strengths of Common Electrolytes’' os Measured by Their Degrees of Ionization in 

Aqueous Solutions 



Acid 


Percentage ionized 

Hydrochloric, 

HCl 

N/10 

92 

Nitric, 

HNO, 

N/10 

92 

Sulfuric, 

HaSOi 

N/10 (H+, HSOr) 

90 


H.SOi 

N/10(HSOr — t-H*--!- so-) 

60 

Oxalic, 

HiCiOi 

N/10(Hi,HCiOr) 

40 


HiCiO, 

N/10 (HCiOr — y H + CiOr) 

1 

Carbonic, 

HjCOj 

M/10 (H-'-, HCOr) 

0 17 

Hydrosulfuric, 

HjS 

M/10 (H+ HS-) 

0 07 


HjS 

M/10(HS- -h S=) 

0 0001 

Phosphoric, 

HjPOi 

M/lOiH-'-, H2POr) 

27 


H,,PO, 

M/10 (H^POr )- H+ + HPO =) 

0.1 


H,POi 

M/10 (HP04= — y + POi") 

0 0001 

Acetic, 

HCcHaOi 

N/10 

1 34 

Hydrocyanic, 

HCN 

N/10 

0.01 


Bases 



Potassium 

KOH 

N/10 

91 

hydroxide, 




Sodium hydroxide, 

NoOH 

N/10 

91 

Barium hydroxide, 

Ba(OHb 

N/10 

77 

Ammonium 

NHiOH 

N/10 (NH, + HOH :<=>: NHi+ -|- OH”) 

1 3 

hydioxide, 





Salts 



Potassium chloride, 

KCI 

N/10, and all salts of the type M+X~, 

86 

Calcium chloride, 

CoCI. 

N''10, and salts of the type 

75 

Cupric sulfate, 

CuSO) 

N/10, and salts of the type M’*’+X=, 

39 

Mercuric chloride, 

HgCb 

N/10, one of the few exceptions, 

1 


* The degicc of loiuziltioii of a given substance vanes with the tompeiature Most of the values in this table 
weie determined at 18° 0 In the poition of the table dealuis with salts M represents a metal and X a non- 
metal or a negative radical, the valences aie indicated by the -j- oi signs 
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the extent that the ions aie thus restricted ~ 
for example, by the attraction between a 
positive ion and negative ions in the same 
solution — ■ then mobility is decreased, and 
the ions can contriliuie only in a limited 
manner to the stiength of the electrolyte if, 
as we believe, the behavior upon which 
stiength depends involves the ions of the 
substance 

The strengths of certain electrolytes, as 
measured by the method just desciibed, aie 
shown in Table 23 Pm the acids of this 
table, the symbol H+ has been used in place 
of !!■*■ H 2 O or HaO"'' foi the hydiated hydro- 
gen ion. 

8, Strengths of Acids and Bases in Terms of the 

Bronsted Theory 

In teinis of Bionsted’s tlieoiy of acids and 
bases, the lelatue strength of an acid depenrla 
upon its tendency, as compared with otliei acids, 
to give up piotons loi reaction with a basic suli- 
stance The stiength of a base depeitd.s upon llie 
tendency of the base to combine with piotons, 
that IS, its attraction foi the piotons tliat an acid 
can supply Experimentally, evidence concein- 
ing the lelalive ’tiengtli.s of acids and bases 
VI aqueous solutions can be secured by measiuing 
the apparent degiees ot ionization of the solutes 
Foi acids, the jiioduction of ions depends upon 

(1) the tendency of the acid to yield piotons, and 

( 2 ) the tendency of watei to combine with 
piotons to foim H 3 O+ ions Of these two factois, 
(1) \aues foi difteient acids but (2) is the same 
foi all The ditfeiencc in the luimbci ol ions 
produced by equal moleculai concentiations of 
diifeient acids depends essentially, theiefoie, 
upon factoi (1), and hence, we may look upon 
the appaieiit degree of ionization of the acid as a 
measuie of its stiength, legaiilless of the pai- 
ticulai concept ol acids that we wish to adopt 

9. A Comparison of the Strengths of Acids and 

Bases 

Ilydioehloi'ie acid is classified as a strong 
acid, because 92 pei cent of its moleciileb 111 
a 0 1 N solution — containing one tenth of 
a giam-inolcculai iveighl of IIOl pei litei — ■ 
appeal to be ionized Acc1 ic acid m a solu- 
tion of the same concentiation appeals to 


be ionized only to the extent of 1 3 pei cent 
of its molecules It is evident, therefore, 
that one litei of the solution of hydiochloric 
acid contains many more hydiogen (01 hy- 
dionuim) ion,s than one litei of a solution of 
acetic acid Acetic acid is classified, theic- 
foie, as a weak acid 

Sodium hvdi oxide is classified as a much 
stiongei Iraso than ammonium hydroxide, 
the appaient ionization of sodium hydioxido 
111 a 0,1 N solution is 91 pei cent, and that 
of ammonium hydroxide is only 1 3 per cent 
The foimei is a strong base, because all of 
its hydioxyl ions aie free to act as a base 
by accepting protons, although they act, 
because of intcnonic attraction, as il only 
91 pel cent ol them weic free at any one time 
The small inimbei ol 10 ns in the solution of 
ammonium hych oxide indicates that am- 
monia and watei do not leact to pioduec 
many ions 

NHs + H2O Nllf' + Oil- 

blence, in this .solution there me imv hy- 
droxyl ioni3, at any one time, to act as a base, 
fuitheimoie, ammonia itsell cannot have a 
veiy stiong capacity foi comlnuing witli 
piotons (as compaied with the hydioxyl 
ion), because if it did, it uould lemovc moio 
of them from molecules of water and would 
thii.s produce moic ions, when it is di,s.solvod 
m watci , than it actually does 

10 Strengths of Acids and Bases as Measured 
by Indicators 

X'he strengths of different acids and bases 
can be compaied, also, by means of appio- 
pnate mdicatois The coloi that an indi- 
catoi impaits to an aqueous solution in 
which it IS (hs.solved depends upon the loan 
m Avliicli tli(‘ mdiciitoi exists in the solution, 
and the foim dopotuls, m turn, ipion (he (,on- 
centiations ol hydrogen and hydioxyl 1011 s 
If solutions containing the same mohviilar 
concentrations of hydiochlonc and acetic 
acids are tieated with equal (juaiititics ol the 
indicator mdhyl molel, the eolois ot the two 
solutions -will not be the same Foi N/10 
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hydi'ochloiic acid solution the coloi is bluish- 
gieen, and for N/10 acetic acid it ls violet 
If the N/10 holulion of hydiochloiic acid 
IS sufficiently diluted, it ji,ive.s the same color 
with methyl violet as the N/IO solution of 
acetic acid Blue litmus turns icd in N/10 
hydiochloiic acid and acetic acid solutions, 
but it IS not noticeably alfeiited by a solution 
of hydiogen sulfide, JI 2 B, of appioximatcly 
the same concenfaation Since differences 
in the coloi oi an indicator aie the lesult of 
leactions involving hydiogen ions and the 
indicatoi, hydioehloric acid evidently makes 
available for reaction with the mdicatoi 
moie hydrogen ions than an equal numbei 
of molecules of acetic acid, and acetic acid 
moie than hydiogen sulfide 

1 1. The loni 2 ation of Salts 

A salt can hr defined as a compound com- 
posed of the cations {+) oj a metal, 01 of posi- 
tively charged ladicals, such as NHi^, and the 
anions (-) produced when ceitain acids, such 
as HCl or //2>S0i, tiansfer piolons to a base 
This definition must be caiefully woidcd It 
IS necessary to specify “ceitain acids,” 
because some acids, such as liOH 01 HiO"'", 
do not form anions that can be legarded as 
the anions of salts, and some acids do not, 
of couise, form any 10 ns at all when they give 
up piotons to a base 

All true salts by this definition aie ionic 
compounds and, therefoie, are strong clec- 
tiolytes, then appaient degrees of ionization 
aie relatively high (Table 23) A few 
pseudo-salts, such as mercuric chloride, are 
ionized only to about the same extent as 
acetic acid and ammonium hydi oxide, but 
such compounds aie 1 aie 

Fiom 0111 knowledge of their ionic chai- 
actci we should expect salts to be ionized 
completclv in aqueous solutions, and un- 
questionably they are, as we have already 
pointed out on page 242 and again on page 
413 The appaient contradiction of this 
statement by data on the degree of ioniza- 
tion as measiuod by the conductivity method 
has been explained in teims of the Debye- 


Huckel theory by the decrease in conductiv- 
ity resulting from interiomc attraction in 
even moderately dilute solutions of the salts 
If the mtci ionic atti action theory is valid — 
and them is every reason to believe that it 
is — salts composed of divalent 01 tiivalent 
ions should have smaller appaient degrees 
of ionization than salts composed of univa- 
lent ions An ion that carries two units of 
positive chaige should attract chloride 10 ns, 
for example, moie strongly, should produce 
greater resistance to the movement of these 
10 ns thiough the solution, and should, there- 
foic, have a greater effect in 1 educing the 
elcctiical conductivity than a positive ion 
possessing only one unit ol ehaigc How 
well the facts support this pioposition may 
be obseived by an inspection of the dcgiees 
of ionization of diffeicnt salts (page 437) 
Salts eonsisting of univalent ions, such as 
NaCl, NaNOs, and KCl, in N/10 solutions 
aie ionized to an extent ol 80 to 90 per cent 
Salts containing one divalent and one uni- 
valent ion are ionized to an extent which is 
about 10 pel cent less, on the whole, than the 
first gioup Salts containing two divalent 
ions show an appaient degree of ionization of 
approximately 40 per cent 

12 The Ionization of Dibasic and Tribasic 
Acids, Acid Salts 

Smee a molecule of a dibasic acid contains 
two hydrogen atoms which may be hbeiated 
as protons foi reactions with a base, wc may 
think of such an acid as ionizing in two 
steps The steps in the ionization of sulfuiic 
and cai borne acids am shown below as equa- 
tions m which ue have omitted the pait 
played by watei m pioducmg the 10 ns In 
(1) the acid ions, hisidjaie and bicaihonale, 
aie produced In (2) noiinal anions of the 
acids am libciated, that is, sulfate and car- 
bonate 10 ns 

( 1 ) I-TBO, H+ + HSOr 

( 1 ) H 2 CO 3 :?=>H'--t-HC03- 

(2) liBOr H+ + SOr 

(2) HC03-:4=±II++ C03= 
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In moderately concentrated and in concen- 
tiated solutions of sulfuiic acid, experimen- 
tal evidence indicates that reaction (1) pio- 
vides most of the ions, wheieas leaction (2) 
foims very few sulfate ions In veiy dilute 
solution, reaction (2) occuis to a gieater ex- 
tent If a base is added to lemove the 
hydrogen ions, reaction (2) luns to comple- 
tion, and the solution contains, at the end 
of the reaction, sulfate lathei than bisulfate 
ions. If the acid and sodium hydroxide 
are mixed in appioximately equal molecular 
concentiations, the solution, after the reac- 
tion, contains sodium and bisulfate ions 
If this solution is evaporated sodium bisul- 
fate ciystalhzes 

A tiibasic acid ionizes in thiee stages A 
inodeiately concentrated solution of phos- 
phoric acid (H3PO4), for example, contains 
chiefly hydiogeii 10ns and dihydiogen phos- 
phate 10ns 

(1) H3P04:^H+-bH2P0r 

In more dilute solutions, the following reac- 
tion occurs, forming the monohydiogen 
phosphate ion 

(2) HjPOr + HPOr 

In very dilute solution appreciable concen- 
trations of the simple phosphate ion may be 
foimed 

(3) HPOr Ii+ + POr 

The extent to which the monohydrogen 
phosphate ion, HP04“, ionizes is veiy slight 
m solutions of the usual concentiations 

Corresponding to the three phosphate 10ns 
that phosphoric acid foims, thcie aie three 
sodium salts sodium dihydiogen phosphate 
(NaHsPOi), sodium monohydiogen phos- 
phate (Na2HP04), and sodium phosphate 
(Na3P04) The hist two are acid salts, the 
last is the normal phosphate 

An acid salt may be defined as a salt that 
contauis an anion that can act as an acid, the 
solution of an acid salt contains the ions of 
the acid as well as those of the noimal salt 
Thus, a solution of potassium bisulfate, 


KHSO4, contains potassium, hydiogen, and 
sulfate 10 ns In addition to these, the acid 
salt also gives the acid-salt anion, HS 04 “ 

The apparent degrees of ionization of a 
tew dibasic and tiibasic acids aie given, for 
each stage of the ionization cf the molecule, 
m Table 23 (page 437) Attention is called 
to the gieat difference in the extents to which 
the fiist stage and the second 01 third stages 
ol the ionization of these acids take place 

The terms monopiotic, dipiolic and tn- 
protic are sometimes used m referring to 
acids that contain, per molecule, one, two, 
and three hydiogen atoms, respectively, 
that can be liberated as protons for reactions 
with bases 

13 Diacid and Triacid Bases, Basic Salts 

For each sodium ion in sodium hydroxide 
there is one hydioxyl ion, the foimula is 
Na'''OH“ The weight (giams) correspond- 
ing to this formula lequircs foi its complete 
neutralization one giam-niolecular weight of 
a monobasic acid — one giam-ion weight, or 
1 008 g , of I-H Sodium hydi oxide, there- 
fore, is a monoacid base Baiium hydroxide, 
Ba(OH) 2 , and calcium hydroxide, Ca(OH) 2 , 
are diacid bases, and aluminum hydroxide, 
A1(0I-I)3, and feme hydroxide, Fo(OH) 3 , 
can be classified as tiiacid bases Basic salts 
sometimes lesult from the partial neutrali- 
zation of diacid and triacid bases Basic 
cupric chloride, Cu(OH)Cl, and basic bis- 
muth nitiate, Bi(0H)2NO3, are examples of 
such salts They may react ivith additional 
acid to foim normal salts, such as CuCb and 
Bi(NO ,,)3 

14 Ionization Constants 

Since the loactions liy which ions are pio- 
duced from molecules are leversible, we mav 
set up cquilibiium equations for these reac- 
tions and, knowing the apparent concentra- 
tions of the ions and molecules involved in 
these equilibria, we can deter mine the equi- 
librium constants foi the reactions As 
applied to reactions of this kind these con- 
stants are called ionization constants 



ACIDS AND BASES 


441 


Foi the ionization of acetic acid, the 
equilibrium equation is 

HC2H3O3 q=± H+ + C2H3O2- 

rn [H+] X [CsHaOr] 

^ ’ [liCaHiOal ' 

If we take into account the foimation of hy- 
drated hydiogen, or hydronium, ions lu an 
aqueous solution, the equation for the ionization 
of the acid IS 

HC2TI3O2 “f" H2O ^ HaO"*" -|- 0211102”, 
and the ionization constant is defined as 


[H 3 O+] X [C 2 H 3 O 2 -] 

[HC 2 H 3 O 2 ] X [H 2 O] 


Of the four concentiations lepresented m this 
equation, the ooncentiation of watoi, [H 20 ], is 
constant 01 may be so regaided foi all dilute 
solutions The concontiation of water IS 1000 g — 
18 g = 55 5 gram-molecular weights 01 moles pei 
litei, this ooncentiation is so much gieatei than 
the concentration ol any othei substance m the 
solution, that it would not be changed gieatly 
even if all of the I-I 3 O+ and CiHsOi” 10 ns were 
changed into molecules of acetic acid and watei 
Hence we may wiite the equation as 


(3) 


[H 3 O+IX [C 2 H 3 O 2 -] 
[HC 2 H 3 OJ 


= K/ X [II 2 O] = K 


Since [H 3 O+J in equation ( 1 ) and [H+] m equation 
( 3 ) repiesent the same thing and have the same 
value, the ionization constant, K, of equation (3) 
is identical with the constant of equation ( 1 ) 


15 Calculation of the Ionization Constant of 
Acetic Acid 

To deteimme the numeiical value of the 
ionization constant of acetic acid, we must 
luiow the concentiations at equihbiium ol 
hydiogen 10 ns, acetate 10 ns, and undissoci- 
ated acetic acid molecules These can be 
found fiom the peicentage of ionization of 
the acid In N/IO acetic acid solution, 1 33 
per cent of the molecules are ionized at 1 8° C 
Now the N/10 solution contains 0 1 of a 
gram-molecular weight of the acid per liter. 
In calculating ionization constants, all con- 
centrations are expressed in terms of molar 


quantities, e g , 0 1 giam-molecule of acid 
pel liter Of this quantity of acetic acid, 
1 33 per cent 01 0 1 X 0 0133 = 0 00133 gram- 
molecular weight produces 10 ns Since each 
molecule in ionizing pioduces one hydrogen 
and one acetate ion, the molai (or ionic) 
concentration of each ion in this solution 
ivill be 0 00133 giam-ion pei htei The con- 
centiation of the acetic acid that is not lomzed 
lb the quantity added (per litei) minus the 
quantity that ionizes, or 0 1 - 0 00133 = 
0 09867 giam-molecular weight pei liter 
These values can now be substituted in the 
equilibrium equation, thus permitting us to 
calculate K, 


0 00133 X 0 00133 


0 09867 

0 00000169 
0 0987 


= Kx = 


= 0 000018 


The value 0 000018 may also be written as 
1 8 X 10-5 


16 The Effect of Dilution upon the Ionization 
Constant 

Let us now dilute the 0 1 normal solution 
of acetic acid to ten times its volume The 
ooncentiation of the acid is now 0 01 normal, 
and one litei contains only one tenth as 
much of the solute as one litei of the 0 1 
normal solution contains If the degiee of 
lomzation of the acetic acid were the same in 
the two solutions, the value of Kj for the 
ionization in the second solution would be 
smaller than foi the first The value of each 
ooncentiation would be decreased to one 
tenth of its original value and the equilibiium 
coiibtant would bo 

0 00013 X 0 00Q13 ^ 0 QOOOOOQ169 _ 

0 009869 “ 0 009869 

1 8 X 10-8 

We have learned, however, that the apparent 
degiee of ionization increases with the dilu- 
tion (page 411). Hence, m the more dilute 
solution, the ionic concentrations will be 
larger than those indicated above, and the 
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concentration of the undissociated acid will 
be smallei The changes in concentration 
upon dilution are found to be exactly those 
lequired to restore the oiiginal value of Ki 
This can be pi ovcd as follows The apparent 
degree of ionization of acetic acid in a 0 01 
normal solution (at 18° C ) is 4 17 per cent 
Foi this solution, therefore, the concentia- 
tion of the noii-ionized acid is 0 01 — 
(0 0417 X 01), or 0 009583, gram-molecular 
weight pci liter Each ionic concentration 
IS 0 01 X 0 0417, 01 0 000417, giam-ion per 
liter Substituting these values in the equi- 
librium equation, we find that the value of 
Ki again proves to be 1 8 X 10"“ 


0 000417 X 0 000417 
0 009583 


= 0 000018 


The same value of K, holds fairly well for 
othei conccntiations of the acid, so long as 
the solutions aie at least only model ately 
concentiated, and its constant value ovei a 
considciable langc of conccntiations has 
great significance If the equilibrium con- 
stant of a reaction has any leal meaning, it 
must be constant, that is, it must have the 
same value at the same temperatuie for 
different concentrations of the substances in- 
volved Since the ionization constant for 
acetic acid is really constant, the principles 
of equilibrium, and the law of mass action, 
or moleculai concentiation, upon which 
these principles of equilibiium depend, can 
be applied at least to a dilute solution of tins 
acid, and foi like reasons to the solutions of 
other weak electiolytes. Reasons why K, 
IS not constant in concentrated solutions 
will be given in the following sections 


17. Ionic Equilibria of Strong Electrolytes 

When Ave attempt to determine the ioni- 
zation constants of strong electrolytes, such 
as NaOH or NaCl, we find that K, for these 
substances has no definite value but varies 
greatly as the concentration changes This 
variation of K, means that for the solutions 
of these substances the law of moleculai 
concentration and the principles goveining 


chemical equilibrium are not strictly ap- 
plicable 

This behavior of stiong electrolytes might 
be anticipated since we have excellent lea- 
sons to believe that these substances are 
probably completely ionized Wo have al- 
ready learned (page 414) that the appaient 
degree of ionization of a strong electrolyte 
differs for different concentrations, not be- 
cause moie electrolyte ionizes in dilute solu- 
tions, hut because of imuation in the ionic 
attraction as a concentrated solution is 
diluted This variation leads to an observed 
conductivity which is less than would be pre- 
dicted upon the basis of the number of ions 
actually present in a definite volume of the 
solution The moie concentiated the solu- 
tion, the dense! the ions in that solution be- 
come, and the moie lestiictcd is the mobil- 
ity of an ion because of the forces exerted 
upon it by other ions Wc should not expect 
to find constant values for the “equilibrium 
constant” of sodium chloiide, oi similar 
substances, foi the simple reason that there 
IS no equilibiium, and theie is no equilibrium 
because there is no reveisible reaction be- 
tween ions and molecules 

1 8 Activity and Activity Coefficients 

The failure of the law of mass action or 
molecular concentiation is not confined to 
solutions of strong electiolytes The law 
fails foi all reacting systems consisting of 
particles of any kind, if these particles aie 
crowded closely together We have learned 
that molecules of gases cxeit an attraction 
for each othei, and that foi liquids this at- 
traction IS even greatei Fuitheimore, in 
solutions varying degrees of attraction exist 
between molecules oi ions of different solutes 
and molecules of solvent All of these in- 
fluences retard the movement of the parti- 
cles, regardless of whethei they are molecules 
or ions, and consequently cause a decrease in 
the speed of the reaction between any two 
varieties of particles in the mixture We 
cannot, therefore, expect the speed of leac- 
tions to be piopoitional to the molecular 
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concentrations of the reacting particles in 
any of the following types of icactions 

(1) Reactions between ions in solution 

(2) Reactions between molecules in solution. 

(3) Reactions between molecules of gases 

Deviations from the noimal behavioi that is 
piedicted by the Law of Mass Action become 
greater in all cases as the concentration in- 
creases 

The deviations in reactions of type (1) 
aie usually much greater than those m (2) 
and (3) because of the i datively stiong foices 
of attraction lesultmg from the electiical 
charges of the ions In any reaction, how- 
evei, the effective concentiation of any parti- 
cle (ion 01 molecule), as determined by the 
observed speed of the leaction in which 
that particle participates, diffeis from the 
actual concentration The effective concen- 
tration IS usually teimed the activity (a) of a 
coitain ion oi molecule The ratio of the 
activity to the actual concentration (c) is 
called the activity coefficient (f) 

a = fc 

The activity coefficient is not a constant It 
vanes with the concentration, and m infi- 
nitely dilute solutions, or under other condi- 
tions where the reacting particles arc tree 
of all retarding influences, / becomes equal to 
unity. 

a = c 

If activities instead of concentrations aie 
used m detei mining the speeds of a reaction, 
the law of molecular concentrations and the 
equilibiium equation may be applied more 
accuiately to the icacting system Thus, 
moie nearly constant values of the loniza- 
1ion constant (K/) of HCl aie obtained by 
the use of the following equation than by 
the usual form in which ordinary moleculai 
and ionic concentrations are used 

f [H+] X f [C1-] ^ aH+ X aoi_ , 
f [HCl] 


Similarly, for acetic acid the equation be- 
comes 

X a,^,,_ _ , 

Rj ) 

UnAc 

in which Ac" is used to leprcscnt the acetate 
ion Foi Aveak electrolytes, such as acetic 
acid, K/ and K, differ but little, since for 
the solutions of such substances the activities 
of the ions are almost the same as the actual 
concentrations 

19. The Ionization of Water 
The ionization of water results in the 
formation of both hydrogen and hydioxyl 
ions, according to the Arihenius theory 

HOH 11+ + Oir 

We aie now inclined to believe, however, 
that the foi matron of the ions depends upon 
a leaction between two oi more molecules 
of water m some such mannei as the follow- 
ing equation indicates 

H.O H + H 0 H— >- 

H.O H+-1-0H-. 

H 

This explanation of the origin of ions is in 
keeping, of course, with the modern concep- 
tion of acids and bases (page 435) As on 
other occasions, however, we shall consider 
the ions of water to be W' and 0H~ in the 
discussion that follows 

Water is an extremely poor conductor of 
the electiic curient, and the extent of its 
ionization, tlieiefore, is very small We may 
be quite ccitam, howevei, that it does pro- 
duce some ions, since it allows a feeble cui- 
lent to pass through it, and since its ions aic 
necessary for an explanation ol ccitam le- 
actions in which it participates (page 181) 
The conductivity of veiy pure ivatei, at 
ordmaiy temperatuies, indicates that it con- 
tains one giam-ion each of hydrogen and 
hydroxyl ions in 10,000,000 liters, or a con- 
centration in one liter of 0 0000001 (one ten- 
milhonth) giam-ion A btei of water (1000 
g at 4° C ) contains 1000/18 X 6 02 X 10“ 
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or 3 35 X 10® molecules This number may 
be wiitten as 33,500,000,000,000,000,000,- 
000,000 The number of the molecules 
which pioduce ions is 60,500,000,000,000,- 
000 Tins means that one molecule in ap- 
pioximately 552,000,000 ionizes at ordinary 
temperatuies. This is about 0 0000002 
per cent 

20 The Ionization Constant of Water 
The ionization constant of watei is given 
by the equation 

[H+] X [OH-] 

[HOH] 

Because of the appaicntly slight degree of 
ionization of watei, Kj must be very small 
The numeiical value of the constant may be 
calculated by substituting the values foi the 
ionic concentiations and the concentration 
of the non-ionized watei (as given above) m 
this equation The portion of the watei 
which does not lomze is almost equal to the 
total quantity and may be so legardod 
Fuitheimoie, when the equilibrium is dis- 
turbed and the leaction adjusts itself to 
lestore equilibiium, the quantity of undis- 
sociated watei that is formed oi that disap- 
pears IS so slight that the total concentiahon 
of watei may be regaided as constant Now 
the moleculai concentration of non-ionized 
water is 55 5 gram-moleculai weights pci 
liter, the concentiation of each ion (at ordi- 
naiy temperatures) is 0 0000001 giam-ion 
per litei The dissociation constant, theie- 
fore, IS 

0 0000001 X 0 0000001 1 X 10-w 

55.5 - 0 0000001 “ 55 5 “ 

1 9 X 10-1“ 

Since the concentration of non-iomzed water 
IS enoimous as compaied with the exticmely 
small concentiations of the ions, and since 
it IS also practically constant, it is more 
convenient to write the equation for the 
equilibrium constant of watei as follows 

[H+] X [OH+] = K, X [55.5] = 


The constant, is equal, theiefore, to the 
pioduct of the gram-ion concentiations of the 
ions oi water (H+ and OH") At ordinary 
tomperatiiics has the value 1 X 
At highei temperatuies, Kny has somewhat 
greater values. 


21. Hydrogen and Hydroxyl Ion Concentrations 
of Solutions 

If the pioduct of their concentrations is 
1 X 10-1"*, the concentiations of hydrogen 
and hydioxyl ions are each 1 X gram- 
ion pel liter at ordinary temperatures 
This IS the concentration in pure watei In 
any solution containing the two ions, the 
pioduct of their concentrations must also 
always be 1 X 10““ Puie water, which 
contains equal concentrations oi the two 
ions, lep resents a condition of exact neutral- 
ity Likeivise, any solution is exactly neuti al 
if it eontams 1 X 10“’ giam-ion each of hy- 
diogen and hydroxyl ions This does not 
mean that any solution that contains the two 
ions must contain the same concenti ation of 
each If an acid is added to watei , the coii- 
ccntiation of the hydiogcn ion is incicascd, 
if a base is added the concentiation of the 
hydroxyl ion is inci eased We must under- 
stand, however, that both kinds of ions aie 
present m eveiy aqueous solution, even it 
the solute pioduces neither ion, watei itself 
produces both As the concentration of the 
hydiogen ion increases, the concentiation of 
the hydroxyl ion must elect ease, and vice 
veisa. The pioduct of the two concentra- 
tions (temperatuieiemaining constant) must 
always be the same as it is in puic watei, 
1 X 10-1“ 


Let us considei the lomc concentiations m a 
N/10 solution of hydiochlonc acid If we may 
assume that this is completely ionized, the con- 
eentiation of the hydiogen ion m this solution 
IS 0 1 gram-ion pei hter. The concentration of 
the hydioxyl ion is found by sohnng for [OH] 
m the equation 


0 1 X [OH-] = 1 X 10-1' 


[OH-] = 


1 X lO-M 
1 X 10-1 


1 X 10-“'' 
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The concentration of H+ in N/1000 HCl solution 
IS 0 001, if the acid is completely lomzod This 
may be wiitten as 1 X 10“^ Hence, [OH“] is 
1 X 10-“ 

1 X 10- ® X [OH-] = 1 X 10- “ 

[OI-I-] = 1 X 10-“ 

A solution of N/1000 sodium hydi oxide solution, 
if completely ionized, contains 0 0001 giain-ion 
of OH- pel litei This solution, theietoie, con- 
tains 1 X 10““ giam-ion of H+ pci litei 

[H+]X IX 10 ^ = IX 10 “ 

[HI] = ^ ^ = IX 10“" 

1 X 10- ' 

22 The Hydrogen Electrode, Comparisons of 
Hydrogen Ion Concentration 
A duoct method of dctei mining the hydio- 
gen ion ' concentuiLion of a solution de- 
pends upon the deloimmiition ot the electro- 
motive foico, 01 potential, lietween free liy- 
di Often and the hydiogcn ions in that solu- 
tion An electrode consisting of a gold oi 
platinum wire oi toil and covered with finely 
divided platinum is placed m the solution, 
and pure hydiogeti is passed ovei it The 
hydiogen is adsoibed by the platinum, which 
calalyzGs the dissociation of hydiogen mole- 
cules into hydiogen atoms The atoms of 
hydiogen then establish eiiuihbruim mth 
the hydiogen ions of the solution The 
comiilete leaction is represented by the 
following equation 

IIj 2 H :;r± 2 H+ -h 2 e, 

where e represents an electron When the 
concentiation of the hydiogen ion is de- 
creased, the equililniura is disLuibed, and 
the reaction ptoceeds towaid the right As 
hydiogen atoms change into ions, elections 
aie left on t,he clcctiode and inciease its 
negative chaige On the otliei hand, an 
inciease in the concentration of the hydiogen 
ion causes the reaction to go to the left, and 
ions are converted into neutial atoms and 

'As elsewhere, we aie using here the hydrogen 
ion, H‘1', instead of the hydionium, HjO''', to repre- 
sent the positively charged lou oi an acid in aqueous 
solutions 
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molecules This change removed elections 
from the elcctiode and deci eases its nega- 
tive charge If the hydiogen electrode is 
placed m a cncuit with anothei electiodc 
whose chaige remains constant, changes in 
the potential may bo regaided as changes in 
the electrical chiugo of the hydiogen elec- 
trode lesiilting from changes in hydiogen ion 
concentration Oompai isons of the hydi ogen 
ion conccntiations ol dilleient solutions can 
thus be made 


23 pH or the Hydrogen Ion Index 
Instead ol expressing the concentration of 
hydiogen ions in gram-ions pci htci, the 
concentiation is often oxpicssed in terms oi 
pll, Ol the hydrogen ion index The teim 
pH IS an alibreviation of the expiession 
“potential of hydiogen ” 

Numeiically, the pH ot a solution is the 
logarithm of the number oj litei s of the solution 
that contains one gram-atomic weight {1 008 g ) 
of hydrogen as ion The same statement 
may be expiesscd in the lorm of an equation 


pH ->"6 jiff] 


wheie l/llTl is, of couise, the rocipiocal of 
the concentiation of 11+ pci liter, and is 
equal to the numbei ot liters containing one 
giam-ion weight of hydiogen ion 


24 The pH of Water and of Solutions 
Pure water contains 0 0000001 gram-ion 
of H+ per liter Hence the pH of water is 
pH = log 1/0 0000001 = log 10,000,000 
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Now the common logaiithm of a number is 
the exponent of 10 which shows the powei to 
which 10 must be laised to give the number 
The logarithm of 10 is 1 , of 100, 2, of 1000, 3, 
and 10,000,000, 7. The pH of pine water 
theiefoie is 7 

In a solution containing an acid the con- 
cent! ation of IH lb gieatei than it is in water 
This means that the numbei of liters in 
which one gram-ion of is contained is 
smallei foi the bolution of the acid than for 
watei, consequently, the pH is smaller the 
gieatei the concenti ation of 11^ In an alkn/- 
line solution, the pH is gieatei than 7. 

If we may asbume that a 0 001 N solution 
of HCl IS completely ionized, the concentra- 
tion of the hydrogen ion is 0 001 N, and one 
giam-ion weight is contained in 1000 liters 
The logaiithm of 1000 is 3 (1000 = 1 X 10^) 
and 3, theiefoie, is the pH of this solution 
The iclationships between hydiogcn ion 
concentration and pH, also the conespond- 
ing 0H“ conceiitiations, aie shoivn in 
Tabic 24 

25. Use of Indicators in Measuring pH Values 

The concentiation of hydiogen ion, or 
the pH, of a solution can be measured by 
means of the hydrogen electrode (page 445) 
or by the use of other electrodes whose po- 
tentials arc determined by the concentration 
of H'*' of the solutions in which they are im- 


mersed A simple!, but less quantitative 
method depends upon the colors produced 
when diflerent indicators are added to the 
solutions This method is used, ordinarily, 
when only approximate values of the pH arc 
required To explain the use ol indicatois 
for tlus purpose we must hrst understand 
why they change color as the concentration 
oi hydrogen ion varies. 

26 Theory of Indicators 

An iiidicatoi that exhibits two colors possesses 
two different stuietmal aiiangements of its 
atoms Of these two foims, one may be regarded 
as non-iomzed, and the other, as a substance 
resulting from the ionization of the first form, 
most indicatois are weak acids, and wc shall so 
regaicl them in this discussion. Let us designate 
the non-ionized form of the mdicatoi as HIii 
and the ionized form as In~ In an aqueous 
solution the following equilibnum is established 

HIn:^H+ + In- 

It a base is added to this solution, the hydiogen 
ion IS lemoved (to foim molecules of watei), and 
the reaction tends to lun moie completely to the 
light The effect is to increase the concentration 
of In~ and to deciease the concentiation of HIn 
The color of the solution consequently becomes 
that of the ion, Im, in an alkaline solution 
When an acid is added, the concentiation of the 
hydiogen ion is mci eased This causes an in- 
ci eased speed of the leaction towaid the left, and 
m lestoiing equilibnum, the concentration of In“ 


TABLE 24 


Relation Between Hydrogen Ion Concentration and pH (with Corresponding OH~ Concentrations) 


Cone of (N) 


1 N or 1 X 1 0“ N 
0 1 N or 1 X 10-1 
0 01 N or 1 X 10-2 N 
0 001 N or 1 X 10-3 N 
0 0001 N or 1 X lO-i N 
0 00001 N or 1 X 10-3 N 
0 000001 N or 1 X 10-» N 
0 0000001 N or 1 X 10-1 N 
0 00000001 N or 1 X 10-3 N 
0 000000001 N or 1 X 10-2 N 
0.0000000000001 N or 1 X lO-i^N 


No of liters which most be taken 
to obtain 1 gram-ion of 

1 or 1 X 1 0" 

1 0 or 1 X 1 Qi 
1 00 or 1 X 1 02 

1,000 or 1 X 103 

1 0,000 or 1 X 1 01 

100,000 or 1 X 103 

1,000,000 or 1 X 103 

10,000,000 or 1 X 10^ 

100,000,000 or 1 X 103 

1,000,000,000 or 1 X 10“ 

1 0,000,000,000,000 or 1 X 1 01“ 


pH Cone of OH- (N) 


0 1X1 0-n 

1 1X1 0-" 

2 1 X 1 0->2 

3 1X1 0-11 

4 1X1 0-w 

5 1 X 1 0-» 

6 1X10-3 

7 1X10-2 

8 1X10-“ 

9 1 X 1 0-3 

13 1X10-1 




ACIDS AND BASES 


447 


IS deci eased and that of Hln is increased In an 
acid solution, tlieiefore, the color is that which 
IS characteristic of the non-ionized form of the 
indicator Hln The change fioin one coloi 
to the otliei might be expected to occui in an 
exactly neutial .solution (pH = 7) Tins, how- 
evei, IS not the ease Each indicatoi changes 
within a ceitain lange of pH, and this is usually 
not a pH of 7 The differences in the pH values 
lequiied to change the colois of diffcient indica- 
tors depend upon seveial factois The numbei 
of In“ and H+ ions which a given numbei of 


molecules of the indicatoi is able to pioduce is, 
perhaps, one of the most important of these 
factors The gi eater the tendency of the indica- 
tor to ionize, of comse, the more H'' ions are le- 
quiied to leveise the leaction and reduce [In"'] to 
a sufficiently low value so that ite coloi will not 
piedominate The lelativo inten.sity of the colors 
of the two substances is also an important factor 

27 Examples of the Use of Indicators m Com- 
paring Hydrogen Ion Concentrations 
The colors of solutions ol some of the 


TABLE 25 

Indicator Colors in Solutions of Different pH 


R, led, B, blue, Y, yellow, V, violet, P, purple, 0, orange, C, coloiless, G, green, Cli, changing 
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common indicatois corresponding to diffei- 
ent pH values arc shown in Table 25 It 
should be undei stood that the change from 
one color to another usually does not occui 
at a definite pH but occurs, sometimes, 
through a consideiable range of changing 
hydiogen ion concentrations 

The use of indicatois in dctei mining the 
pH of a solution is illustiated by the follow- 
ing examples If a solution gives a yellow 
color when methyl led is added, we know 
that the pH ot this solution is above 5 
(Table 25) If the same solution gives a 
yellow coloi with losohc acid, we know that 
the pH IS less than 7, but is between 5 and 7 
If wc find that the coloi of the solution is 
violet with sodium ahzaiin sulfonate and 
yellow with brom-ciesol puiple, the pH 
value IS fuither restiicted to a place 
between 5 and 6 

When the pH has thus been restiicted to 
a small range we may proceed as follows 
Let us say that we Imow that the pH lies 
between 8 and 10 Phcnolphthalein changes 
from colorless to pink with increasing pH 
\Mthin this lange It becomes slightly pink 
at a pll oi about 8 5, and the color increases 
in intensity up to about 9 6 If we make 
standaid solutions containing known con- 
centrations of hydiogen ions within this 
lange and add the same numbei ol drops of a 
solution ot the mdicatoi to each, a set of 
solutions will be obtained varying in in- 
tensity ot coloi If the solution ot unknoivn 
pH IS compared with these, after being 
treated ivith the same number of drops of 
the indicatoi solution, it will be found to 
match one of the standards, oi perhaps to 
have a shade of color oi an intensity which 
places it between two of the standaids For 
otliei ranges of pH, other indicatois may he 
used m a similar manner 

28. The Importance of Hydrogen Ion Measure- 
ments and Control 

The piopei hydrogen ion concoiitiation 
must be maintained to secuie the results 
desiied from many kinds of chemical change 


in nature, in industry, and in scientific in- 
vestigations The pH oi the blood of man 
must not vary far in either direction from 
an average value of 7 35 This pH indicates 
that the blood is slightly alkaline The pFI 
usually increases a little aftei a person eats, 
because the stomach draws upon the hydro- 
gen ions of the blood to produce the hydro- 
chloric acid needed for digestion Measuie- 
ments and control of hydiogen ion concen- 
tration aie of importance in bleaching, dye- 
ing, purification of watci (pH attects the rate 
of filtiation), coirosion of metals, manufac- 
tuie of dyes and drugs, acidity of soils, 
sizing of papei, fermentations of sugar and 
staiches, baking, and candy making In 
analytical chemistry the sepaiatioii and de- 
tection of several ot the metallic ions de- 
pend upon the pH of the solutions contain- 
ing the ions Many other applications of pll 
measuiemeriLs might be added, but those 
mentioned are indicative ol thou impoitance 

REACTIONS BETWEEN IONS 
29 Will Ions and B ' Combine® 

Many compounds are foimed by reactions 
between ions in solutions In all solutions 
containing two elecliolytes, combinations ol 
two pans of ions arc possible and may, oi 
may not, occur Let us coiisidei two elec- 
trolytes, A+B~ and C'^D~ Ions A”*" and D“ 
may combine to foim AD, and ions C+ and 
B may form CB In some instances theie 
aie no indications that the ions of the solu- 
tion combine, this is true, foi example, 
when dilute solutions ot ijotassium chloiidc 
and sodium nitiato aie mixorl (page 405) 
In othei instances, the leactioii lictweeii 
two ions occuis to at least a significant ex- 
tent; in still others, it is almost complete' 
in the sense that the ions aie removed almost 
completely from the solutions The extent 
to which they are lemoved depends upon 
(L) the solubility of the compound that they 
ioim, and (2) its degree ol ionization, if it is 
soluble Let us oomidei thiee specific 
examples 
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30 Reactions that Form a Slightly Soluble Gas 

A solution of sodium caibonate and hy- 
diochloiic acid contains hydiogen, cliloiide, 
sodium, and caibonate ions Either positive 
ion (H"^ or Na"*") might be expected to com- 
bine mth cithoi negative ion (Cl~ oi COa”) 
Sodium ion does not f‘ombinc with either 
negative ion, howevei , becaii.se both sodium 
chloiide and sodium caibonate aie soluble 
salts and are completely ionized Hydrogen 
ion will not combine with chloiide ion, be- 
cause hydrochloiic acid is a highly ionized 
electiolyte, but it will combine with caibon- 
ate ion to form, first, the weakly ionized 
bicarbonate, HGOa", ion and then, to a 
lesser extent, to form carbonic acid, H 2 CO 3 
This acid is unstable and decomposes into 
watei and caibon dioxide, which is only 
slightly soluble and consequently escapes 
If caibon dioxide did not escape, or if car- 
bonic acid were stable, we should expect the 
folloiving equilibiium to be sot up 

I-I+ -b cor :;=± liCOr + 1 - 1 + IliCOa 

The escape of caibon dioxide from the solu- 
tion disturbs this equilibrium and icsiilts, 
eventually, in almost complete lemoval of 
the caibonate ion, provided that a sufficient 
quantity of hydiochloiic acid is added to 
convert all of the caibonate ion into car- 
bonic acid So long, of course, as any caibon 
dioxide remains in the solution, there will be 
small concentrations of both bicarbonate and 
carbonate ions 

31 The Formation of a Slightly Soluble Solid 
A solution of barium chloride contains 

barium and chloiide ions A solution of 
sodium sulfate contains sodium and sulfate 
10 ns When these two solutions are mixed, 
we might assume that the ions will icmain 
togethci without any visible change, as in 
the solution of sodium nitrate and potassium 
chloiide But something does happen m 
this mixtine A white solid, which can be 
identified as barium sulfate, is precipitated 
from the solution Barium sulfate is only 
slightly soluble in water; about 0.00001 


gram-molecular weight dissolves in one 
litci at 20° C It Ls possible, tlieiefore, foi 
a solution to contain only small concentra- 
tions of barium and sulfate ions When they 
are mixed, these ions foim crystals of baiium 
•sulfate, leaving only as many ions in the 
solution as are required to produce satin a- 
tion The removal of these ions from the 
.solution, therefore, is almost complete 
Sodium and chloride ions remain in the 
solution, since sodium chloride is soluble 

(Ba++ + 2 C1-) + (2 Na+ + S 04 =) 

BaSO^ i + 2 (Na+ -b Cr) 

111 some leaclions, both sets of ions may be 
lemovcd fiom the solution This happens when 
both snhstance.s which the ions may form are 
slightly soluble This type of double decomposi- 
tion is lepiosenteil by the leaotion of barium 
chilli iile and silvei sulfate 

(Ba'-'- -b 2 C'l-) -b (2 Ag^ + S 04 =) 

BaSOi '!.■ "b 2 AgCl 

If baiinm chloride and silvei sulfate aie added 
in equal moleculai quantities, the liquid finally 
lernamuig aftei the precipitation of the two 
pioducts contain.? almost nothing but watei, 
since the solubilities of both pioduots are of the 
Older of 1 X 10”® gi am-molecular weight per litei 

32. The Formation of Slightly Ionized Substances 

When liCl and NaOH are placed in the 
same solution, the solution contains, at first, 
four ions — li"*", Cl”, Na"*", and OH” 

(H+ + C1-) + (Na+ -b OH-) — t- 

(Na+ + Cl”) + HaO 

The sodium and chloiide ions do not com- 
bine, of couise, since sodium chloiide is 
soluble and completely ionized, but the situ- 
ation foi hydiogen and hydroxyl ions is very 
dilleient Watei is only slightly ionized; to 
have a solution containing, simultaneously, 
a laige number of each of these ions is to 
have, obviously, an impossible condition — 
an abundant supply of the ions of a sub- 
stance that can produce veiy few ions We 
have learned (page 444) that the product of 
the concentrations of these two ions at 



450 


EQUILIBRIA INVOLVING IONS 


25° cannot exceed 1 X If greater 

concentiations than correspond to this 
product are brought together, there can be 
but one result. The rons wrll combrne to 
form molecules of water untrl the romc con- 
centratrons remarnrng yreld thrs product 
The small value of the product, [H'^l X 
[OH~] = 1 X indicates just how small 
the concentrations of and OH“ must 
become The reaction of these two ions, 
theiefoie, is almost complete 

Whenever the ions of any Aveak electrolyte 
are brought together m solution, they react 
to form the non-iomzed molecules of the 
electrolyte until equilibrium is established 
Since the ionization constants of all vsak 
electrolytes are small fractions, this means 
that many of the ions are converted into 
molecules befoie eqruhbiium is established 
Thus, Avhen hydrogen ions and acetate ions 
are biought togcthci, they combine to form 
molecules of acetic acid until, at equilibrium, 
the product of the ionic concentiations di- 
vided by the concentiation of non-ionized 
acetic acid is 0 000018 


[I-I+] X [Ac-] 
[HAc] 


0 000018. 


Because of the small size of thus constant, 
these ions combine to a consideiable extent 
The same is tiue foi the ions, NIB''' and 
OH~, and S“, and the ions of othei Aveak 
electrolytes 


ammonia containing ammonium and hy- 
droxyl ions 

HAc 11 + + Ac- 

NHs + H2O OH- + NH4+ 

it 

HOH 

Startmg AVith a solution of acetic acid, the 
concentration of the hydrogen ion is greater 
than it IS m pure Avater (pH < 7) The 
extent to which it is gi cater depends upon 
two factois (1) the numbei of molecules of 
the acid per liter, and (2) the ionization 
constant of the acid As the base is added, 
the concentration of hydioxyl ion increases, 
and hence, since the product [H"*'] X [OH-] 
must ahvays be 1 X IQ-'S the concentration 
of hydiogen ion decreases as the two ions 
combine to form molecules of Avater This 
decrease in the hydiogen ion’s concentration 
distill bs the equihbnum between acetic acid 
and its 10 ns, consequently, moie molecules of 
acid ionize to lestoie equilibrium This 
change, in turn, leads to an increase in the 
concentration of hydiogen ion and prevents 
the establishment of the equilibrium invoh''- 
mg the ions of watei, [H"*"] X [OH”] = 1 X 
Moie molecules of water are foiined, 
whereupon more molecules of acid lomze, 
and so on 

At the same time, the equilibrium, 

NH3 -h H2O NHi+ -h OH- 


33 Neutralization 

When a strong acid reacts Avith a hydi ox- 
ide, such as NaOH, the only reaction that 
occuis is the combination of hydiogen and 
hydroxyl ions to form molecules of Avater 
We speak of this reaction as the neutraliza- 
tion of the acid and the base With weak 
electrolytes the changes that occur are dif- 
ferent only in that these substances are 
slightly ionized and their reactions, conse- 
quently, are le,ss nearly complete Let us 
considoi the neutralization of acetic acid in 
an aqueous solution by ainraomum hydrox- 
ide, Avhich may be regarded as a solution of 


is disturbed by the removal of OH- ions to 
foim water, and more molecules of ammonia 
aie conveited into ammonium ions If a 
sufficient quantity of ammonium hydroxide 
IS added, the acid can be almost completely 
converted into Avater and acetate ions, at 
the same time, most of the hydroxyl 10ns are 
converted into Avatei, leaving ammonium 
10ns in the solution Since acetic acid and 
ammonium hydroxide are approximately 
equally ionized, a solution m ivhich equiva- 
lent quantities of these tAvo substances are 
mixed Avill contain approximately the same 
concentrations of hydiogen and hydroxyl 
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ions; the solution will be almost exactly 
neutral and its pH will be almost exactly 7 

We must remember, however, that both 
acetic acid and ammonium hydroxide are 
weak electrolytes Since the solution re- 
sulting from the neutralization of one by the 
othei contains some hydiogen and some 
hydroxyl ion and large numbers of acetate 
and ammonium ions, wc must assume that it 
also contains at least veiy small quantities of 
the non-iomzed acid and ammonia The 
ions of the acid must be m equilibrium with 
molecules of the acid, and ammonium and 
hydioxyl ions must be in equilibrium with 
molecules of ammonia and water All of 
this means that the reaction between the 
acid and the base is not complete, and that 
the leveisc leaction occuis to some extent 

34. The pH of Solutions in Which Acids Have 
Been Neutralized by Boses 

One moie question lemains to be an- 
bweied Are the concentrations of hydrogen 
and hydroxyl ions the same m all solutions in 
which an acid has been neutialized by adding 
an equivalent quantity of a base‘s Is such a 
solution neutral, acid, oi alkaline’ The 
answer depends upon the relative degrees of 
ionization of the acid and the base If they 
aie approximately equally ionized — as we 
have seen acetic acid and ammonium hydi ox- 
ide to be — the solution v'lll contain about 
the same concentiations of hydrogen and 
hydroxyl ions and will be, theiefoie, almost 
exactly neutial 

Let us considei the neutiahzation of 
acetic acid by the stiong base, sodium hy- 
di oxide When one him of 1 N sodium hy- 
di oxide is added to a solution containing one 
giam-molcculai weight of the acid per liter, 
a sufficient number of hydroxyl ions is added 
to leact with all the hydiogen ions that this 
weight of the acid can supply The solution 
containing the mixture, however, is not 
neutral, the concentiations of LH and OH“ 
are not each 1 X 10“'^ and, if we add a suit- 
able indicatoi, the color pioduced is not the 
color that the mdicatoi should give for a 


pH of 7. Rosohe acid, for example, which is 
red m a solution whose pH is above 7, gives 
a definitely red color to this solution Even 
phenol red, which changes coloi at a pH 
of about 7.7, gives a red color, the color that 
it shows in an alkaline solution — one in 
which [OH~] > [H+] The pH of t h is solu- 
tion corresponds approximately to the 
tiansition range of phcnolphthalcm (8 3 — 
9 5), and is, therefore, decidedly on the 
alkaline side of the neutial point This 
effect IS the result of differences in the 
degrees oi ionization of sodium hydroxide 
and acetic acid 

NaOH Na+ + OH" 

HAc Ac~ + H'*' 

it 

HOH 

Sodium hydi oxide and sodium acetate are 
completely ionized, but there must always 
be an equilibiium between the ions and the 
molecules of acetic acid Since some of the 
hydiogen ions must remain in molecules of 
the acid, instead of being free to combine 
with hydioxyl ions, the concentration of 
hydrogen ion must be loss than that ol the 
hydroxyl ion, and hence ihe solution is alka- 
line, although equivalent quantities of the 
acid and base have been mixed 

35 Standard Solutions and Titrations 

A standard solution is one that contains a 
definite and known concentiation of solute 
A solution that contains a sufficient quantity 
of acid to supply one giam-ion of hydiogen 
pci litci , foi example, is a standard solution 
Such a solution can be used to detciraine the 
concentration of sodium hydroxide in a solu- 
tion ot that substance The solution ol the 
acid IS added to a definite volume of the solu- 
tion of the base until the quantity of acid 
added is equivalent to the quantity of base, 
as shown by the change in color of a suitable 
indicator The analysis of a solution by this 
procedure is called titration The end-pomt 
of a titiation is reached when chemically 
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equivalent quantities of acid and base have 
been mixed The change in color ol the in- 
dicator, which tells us when we have reached 
the end-point, should occur, therefoie, at a 
pH that coriesponds to the presence of 
equivalent quantities of the two substances, 
ideally, the change in color should occur at a 
pH of 7, although wc shall soon see that, 
m practice, indicalois that change colors at 
other pH values are sometimes more de- 
sirable 

One liter of a 1 N solution of soflmin hydi oxide 
and one litei of a 1 N solution of hydi ochlonc acid 
contain equivalent weights of hydioxyl and hy- 
di ogen ions, lespectively Hence a litei of one 
of these solutions requires by titration one liter 
of the other A suitalile nidicatoi for this titia- 
tion IS one that gives an end-point when these 
two volumes have been mixed 

36. A Problem Involving Titration 

The use of a stanclaicl solution in titiation 
IS illustrated by the following example 

Let us assume that we wish to deteiminc the 
weight of hydrogen clilondo in a litei of a solution 
of the acid, that is, we wish to know the noimahty 



Figure 202 
A Pipeffe 


of the solution A definite volume of the solu- 
tion IS measuied out in a beakei fioni a burette, 
Figuie 201, 01 a pipette, Figuie 202 A few diops 
of the solution ot an indicator aie then added, 
and a standard solution of a base is next added 
horn a burette until the change of color of the 
mdieatoi shows that all of the acid has been 
neutiahzed 

If the sample of acid consists of 20 ml , and if 
40 ml of noimal sodium hydroxide solution is 
reqiuied for the neutralization, the solution of the 
acid IS obviously twice as ooncenti atecl (2 N) 
If 20 ml of aiiotliei solution of the acid is neutral- 
ized by 10 ml of noririal sodium liydi oxide solu- 
tion, the coiicentiatioii of the acid is 0 5 N, and 
so on 

It should be noted that the volume of a 
standaid solution ot a base that is leqimed 
to neutralize a definite volume of a solution 
of an acid is not a measure ol the i dative 
strength of the acid Equal volumes of 
normal acetic and hydrochloric acid contain 
the same iiumbei ol lonizablc hydiogcii 
atoms, although the numbers of hydiogcii 
ions existing in the two solutions at any one 
time are not the same Tire titiation ot the 
acid with a standaid solution of a base de- 
teimines the total possible acidity and not 
the hydrogen ion concentiation The lattei 
might be logaided as a sort of temporary 
acidity. 

37 The Choice of Indicator in Titration 

An acid can be said to have been neutial- 
ized by a base ivhen chemically equivalent 
quantities of the two substances have been 
bi ought together Foi each gram-equivalent 
weight of the acid there must be added one 
giam-equivalcnt weight of the base This 
does not mean, howevei , that the pH of the 
mixtuie will be 7, because the solution con- 
taming chemically equivalent weights of the 
substances will usually not be exactly neu- 
tral Strict neutrality will be attained only 
if the acid and base are ionized to the same 
extent (page 450) Diffeient indicalois must 
be used with different types of acids and bases 
to determine when exactly equivalent quantities 


Figure 201 
A Burelfe 
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of the two substances have been brought to- 
gether Given below aie the pH values of 
the solutions resulting when equivalent 
quantities of different types of acids and 
bases are mixed, with the type ol indicator 
most desirable foi use in determining the 
end-point of the titiation 

(1) Rtiong base and sbong acid The solution 
IS almost exactly neutial, pH about 7 Use 
Tosolic acid, litmus, neutral led, thymol blue, 
almost any indicatoi can be used Methyl oiaiige 
IS often added Caie should be taken to exclude 
oaibon dioxide, since this is a wealc acid and would 
influence the cmiccntiation of hydiogen ion con- 
sideralily 

(2) Stiong base and wealc acid The solution is 
slightly alkaline (pH > 7) Use jihenolphthalem 
01 oresol led The foimei is most often used 

(3) Strong acid and iveak base ddie solution is 
slightly acid (pH < 7) Use methyl orange, 
methyl lecl, m liiom-tilienol blue Tlie fiist is 
most often used 

(4) Weak acid and weak base. The solution is 
either acid oi alkaline depending upon whethei 
the acid oi tlie base is strongei No indicator 
woiks very well. 

38 Hydrolysis 

We might expect the solution of a salt, 
which lb made by neutializmg an acid and a 
base, to be neutial Wc must considei, how^- 
ever, the possible reactions that may occur 
between the ions of the salt and the ions of 
watei To the extent that such reactions 
occur, the salt is said to be hydrolyzed 
Substances othei than salts also hydrolyze 
Thus, the halides of phosphorus react with 
water to foim phosphoious acid and the 
hydiogen hahdes (page 347), although these 
compounds of phosphoius are not salts. 
IIydio]y,sis may be defined, thorefoie, a,s a 
double decomposition involving the ions of 
water and anothei substance, usually a salt 

39 Examples of the Hydrolysis of Salts 

Let us examine the leaction possibilities 
of the solutions of a few typical salts m watei 

(a) Sodium Chloride (NaCl) 

NaCl — k- Na+ -b Cl' 

HOH OH- + H+ 


Both sodium hydroxide and hydrochloric acid 
aie strong electiolytes, in dilute solutions, at 
least, the latter can be considei ed as completely 
lomzcd as the sodium hydroxide, which even in 
its solid state is composed of ions Neither the 
hydiogen ions nor the hydioxyl ions arc removed 
fiom this .solution to foim molecules of a weak 
acid or a weak base, a slightly soluble solid, 
or a gas, and hence, tlie eqiiihbiium, 

HOH H+ -h OH- 

is imdistuibed, and the concentrations of hydro- 
gen and hydroxyl ions remain the same m a solu- 
tion of sodium cliloiide as they aie in pure watei 
The ions of the salt react with neither ion, and 
hence this salt is not noticeably hydrolyzed, and 
its .solution is neutial 

(/)) Ammonium Acetate (NH1C2H3O2) 

NH,.Vc — 5-NIL+ + Ac- 
HOH OH- -b H+ 

It it 

NHj + HjO HChHsOs 


Both acetic acid and ammonium hydroxide aie 
weak electi oly tes Although water is vei y slightly 
lomzed, it does produce small concentrations of 
its 10 ns in the solution, and ammonium acetate, 
of couise, produces laige concentrations of am- 
monium and acetate 10 ns At the time that the 
.salt dissolves, the solution theiefoie contains the 
lon.s of acetic acid but no non-iomzod molecules 
This IS an unstable and impossible condition, 
smee this acid is only slightly ionized Hence 
its 10 ns combine to foim molecules of the acid 
until the conditions of the equilibrium are ful- 
filled 


[H+] X [Ac-] 
[HAc] 


= 0 000018 


Since tins constant is small, and since the con- 
centration of the acetate 1011 is veiy gieat, the 
coiicentiation of acetic acid (molecules), also, 
must become faiily laige befoie equilibiium can 
be established For this to happen, the ooncen- 
tiatiou of hydrogen ion must become small, since 
theie aie no molecules of acid m the beginning 
Lilcewiae, hydioxyl 10 ns aie removed fiom the 
solution by icactmg with ammonium ions to 
establish equilibrium in the 1 eaction 

NI-L + I-LO q=± NH4+ -b OH-. 

Now the apparent degrees of lomzation of am- 
monium hydroxide and acetic acid are about the 
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same, lienee equal concentiations of H+ and OH" 
ions aie lemoved from the solution to form about 
the same number of molecules of acetic acid and 
ammonia As the ions are thus removed, more 
molecules of water ionize to maintain the equi- 
librium required by the equation 

[H+] X [OH-] = 1 X 10 -», 

but the solution lemams almost exactly neutral 

Foi the reasons given above, the hydrolysis of 
a salt of a weak acid and a weak base ^ is at least 
fairly extensne The extent to which the leac- 
tion IS completed depends upon the extent to 
which the acid and base aie loniried, because this 
condition determines, in turn, the extent to 
which the ions of the salt and those of watei com- 
bine to form non-iomzed molecules of the acid 
and base The solution of ammonium acetate is 
practically exactly neutral, because the acid and 
base aie ionized to appioximately the same de- 
gree This means that the hydi ogen and hydroxyl 
ions aie withdrawn burn the solution to about 
the same extent 

(c) Sodium acetate (NaCiHiOs). 

NaAo — h Na+ + Ao~ 

HOH OH~-l- H+ 

It 

HAo 

Since sodium hydroxide is much more highly 
ionized than acetic acid, the solution of sodium 
acetate shows an alkaline leactinn (pH > 71 . 
Hydrogen ions are conveited into molecules of 
acetic acid until the equilibrium toi the ionization 
of this acid is established Tins distiiibs the lom- 
zatioii equilibiium of watoi, and inoie molecules 
of this substance ionize Since the hydioxyl ions 
aie not removed, they accumulate, thus reducing 
the concent] ation of hydiogen ion in accordance 
with the requnement that [H+] X [ 0 H“] miast be 
equal to 1 X 10 ““ Sodium acetate i.s hydiolyzed 
to a gieatei extent than sodium chloride but less 
than ammonium acetate 

(d) Ammonium Chloride (NH4CI) 

NH4CI — I-NH4+-I-CI- 

HOH =±OH- -f-H+ 

tl 

NH3 4 - H2O 

^ The solution of ammonia in water is regarded as 
a weak base, because the ammonia rear ts with water 
to form relatively few 10ns 


The hydroxyl ions aie removed from the solu- 
tion to establish equilibrium between the ions 
of NH4+ and OH~, on the one hand, and mole- 
cules of water and ammonia on the otliei Hence, 
more watei ionizes, and the hydrogen ions, which 
are not removed fiom the solution, accumulate 
to give the solution a decidedly acidic cliaiacter 
Ammonium chloiide is hydiolyzed to about the 
same extent as sodium acetate. 

40 The Extent of Hydrolysis 

Hydiolysis is one of those reactions be- 
tween 10ns (page 449 ) that occui because of 
the formation of slightly ionized substances 
Those salts me most highly hydiolyzed, 
theiefore, which foim the least ionized acids 
and bases If both are weak, hydiolysis is 
moie extensive than if one is strong If one 
is an insoluble solid 01 a gas, this also 
causes the hydiolysis to be more pronounced. 

41. Hydrolysis of Salts Explained m Terms of 
the Bronsted Concept 

Accoidmg to the Bronsted concept, the 
hydiolysis of a salt involves simply the pro- 
tolytic reaction (transfer of a pioton) be- 
tween an acid and a base The acid is water 
and the base is the anion of the salt in solu- 
tions of salts such as sodium acetate: 

H^O -k Cal-bOr :?=± HC2H3O2 -k OH- 

The hydi olysis ol sodium acetate would be 
much more nearly complete except foi the 
fact that OH“ is a strongei base than 
CaHjOj", and hence OH~ has a stronger 
tendency to attract and hold the pioton, 
thus forming HOH, than CjIiiOi- has in 
forming HC2H3O2 Some piotons aie trans- 
ferred fiom watei to acetate 10ns, however, 
and such changes produce additional OH~ 
ions, thus causing the solution of the salt to 
be alkaline (pH > 7 ) In the solution of a 
salt of a weak base and a strong acid, e g , 
ammonium chloiide, NH4CI, hydiolysis re- 
sults fiom the reaction of the cation, NH4''„ 
of the salt with ivater 


NH4+ + HiO — 4-H3O+ -k NHs. 
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Here again, hydrolysis is limited by the 
fact that ammonia is a stiongei base than 
water, it reads with piotons and holds them 
more firmly than water Because the reac- 
tion does occui to some extent, additional 
H+ ions (actually, ions) are pioduced, 
and the solution is acidic m properties 
(pH < 7 ) 

42. Hydrolysis of Hydrates 

The salts of many of the metals and the 
anions of stiong acids form solutions that 
are slightly acidic It is believed that this 
condition is the lesult of leactions of hy- 
drated ions with water. Foi example, the 
hydrated aluminum ion may react with 
watei as iollows 

A1(H20)j^-^ + H 2 O — 

[A1(H20)60H]^ + H3O+ 

Solutions of cupiic chloiide, CuCb, and 
cupric sulfate, CUSO4, and similai salts are 
acid in 1 caction f 01 the same reason 

43. The Common Ion Effect 

The common ion effect is obseived when 
one of the ions of a weak electrolyte is added 
in excess to the solution When this is done, 
the concentiation ot the other ion is de- 
eieased, and the concentration of the non- 
lonized (molecules) of the electrolyte is in- 
creased. The general effect, theiejoye, is to 
reduce the percentage of ionization of the 
electrolyte 

Let us illustrate by using again a solution 
of acetic acid The common ion effect will 
be obseived if sodium acetate is added to the 
solution, the acetate ion is the common ion 
We shall assume that equilibrmin had been 
established before the sodium acetate was 
added 

( 1 ) 

HAc H+ + Ac- 

( 2 ) 

The salt is ionized completely, and its addi- 
tion, therefoie, considerably increases the 
concentration of the acetate ion Since the 


speed of reaction ( 2 ) is increased by this 
change of concentration, while that of leac- 
tion (1) IS not, molecules of acetic acid will 
be produced temporarily in greater numbers 
than they lomze Finally, however, as the 
10ns are Avithdrawn and the number of non- 
lonized molecules increases, the two speeds 
will become equal again, and equilibrium 
will be established once more For the new 
equilibiium, the concentration of hydrogen 
ion will be less than for the fust, and the 
concenti ations of acetate ions and acetic 
acid molecules will be gieatei 

To take a definite example, let us assume that 
we have, at first, a tenth-normal solution of the 
acid Since acetic acid is 1 34 pei cent ionized in 
this solution, the concentration of each ion is 
0 00134 gram-ion per liter 

0 000018 

0.0987 


Let us now add solid sodium acetate to the extent 
ot 0 1 gram-molecular weight pei liter We shall 
assume that the salt is completely ionized, hence 
we have added 0 1 giam-iou of acetate The total 
concentration of the acetate ion is now 0 00134 + 
01=0 10134 giam-ion per litei To restore 
equilibiium a certain numbei of hydiogen ions 
and an equal number of acetate 10 ns combine to 
form molecules of acetic acid Lot us call this 
iiumbei X The equation foi the new state of 
equilibiium, theiefore, is 


(0 00134 - x) (0 10134 - x) 
(0 0987 + x) 


= 0 000018 


Solving this equation for x we find it to be 
0 00132 The concentiation of the hydiogen ion 
IS 1 educed by the sodinm acetate to 0 00134 — 
0 00132 = 0 00002 giam-ion per litei 


44. The Effect of Different Ions upon the pH 
or Acidity of Solutions 

The pH of the solution of any weak acid is 
always increased by the addition of a salt 
of the acid, as for example the addition of 
sodium acetate to a solution of acetic acid. 
This effect means that the peicentage of the 
acid that is ionized is decreased by the addir 
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tion of the salt, and that the acid appears 
to be weaker than it is m a solution contain- 
ing only the acid and water 
We can show that an excess of ammoniiim 
01 hydioxyl ions decreases in a similar man- 
nei the extent to which ammonia and water 
react to form these two ions Thus, a solu- 
tion of aramomum hydroxide in which theie 
is also dissolved an ammonium salt, such as 
ammonium chloride, has a lowei pH than a 
solution containing nothing but ammonium 
hydiox'de 

Solutions of stiong acids and strong bases, 
such as HCl and NaOH, aie not appreciably 
affected by the addition of the salts of the 
acid 01 base The concentiation of hydi ogen 
ion in a solution of HCl to which an acetate, 
or the salt of any weak acid, is added, how- 
ever, is much smaller than it is in a solution 
to which no salt has been added The leason 
foi this effect is apparent fiom the following 
equation 

HCl i-r'- +cr 
NaAc — >- Ac“ -b Na"*" 

it 

HAc 

The addition of ammonium chloride hkemse 
1 educes the concentration of hydioxyl ion in 
the solution of a stiong (hydi oxide) base 

NHiCl — J-NIH+-I-C1' 

NaOH — 5- OH- -hNa+ 

it 

NH 3 -b HaO. 

When ammonium and hydroxyl ions aie 
mixed, they must leact to form ammonia and 
water until eqiiilibiium is established Since 
the concentration of the ammonium ion is 
high, the concentration of the hydioxyl ion 
lb reduced considerably, and hence the con- 
centiation of the hydi ogen ion must be in- 
ci eased coiiespondingly, by the further ioni- 
zation of watci, so that the pioduct [H+] X 
[0H-] may be kept at its constant value of 
1 X 10-ib 


45. Buffered Solutions 

The pH of a solution containing a rela- 
tively hi gh concentration — let us say 
0 ] N — of acetate ion is not much affected 
by the addition or removal of small quanti- 
ties of an acid The ionization constant, 
0 000018, of acetic acid must be maintained, 
and this means that the concentiation of H+ 
must remain small as long as the concentia- 
tion of Ac- IS large Tf a small quantity of 
a strong acid is added, the hydrogen ions and 
acetate ions react to restore equihbiiura, 
which will lequire that the concentration of 
H+ be reduced to almost the same small 
value as before the acid was added If this 
should not happen, the product [tH] X [Ac-] 
would be too large to give the correct value 
of the ionization constant Wide vai lations 
in the concentiation of H’*" are thus pie- 
vented by the use of a relatively high con- 
centiation of Ac- ion 

For similar reasons the concentiation of 
hydioxyl ion cannot vary greatly in a solu- 
tion of ammonium hydroxide that contains 
a high concentration of ammonium chloiidc 
In geneial, we may say that the pH of any 
faintly acid 01 alkaline solution tends to 
remain practically constant, regardless of 
other ions that may be added, it the solution 
contains the proper salt, that is, the salt of a 
weak acid for faintly acid solutions and the 
salt of a weak base for a faintly alkaline solu- 
tion These salts are said to buffer the solu- 
tion and are called buffer salts 

The principle of buffer action has many im- 
poitant applications One of the mo.st important 
of these is the buffcimg effect of certain salts, 
such as phosphates, m the blood The pll of 
the blood is maintained at about 7 36 Certain 
piocesses in the body tend, however, to alter tins 
value The withdrawal of hydi ogen ion to foim 
the hydiochloiic acid of the gastric puce is a 
piocass of this kind Anothei is the oxidation of 
sugars and other substances in the body This 
reaction lesults in the formation oi carbon dioxide 
which accumulates in the blood, unless the 1 espii a- 
toiy organs aie able to lemove it as lapidly as it 
forms Since caibon dioxide foims an acid m 
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solution, its accumulation would lead to a de- 
ciease in the pH This deciease would be more 
pronounced and might lead to serious effect if 
buffer salts did not act to maintain a moie neaily 
constant hydrogen ion concentiation If the 
buflei salts cannot pi event a slight inciease m 
acidity, the pH drops and this leads to a stimu- 
lation of the neive centeis that control the late of 
lespiiatioii The rate of rcspiiation is increased 
in Older that the excess of caibon dioxide may be 
expelled As soon as the pH of the blood has 
letumed to its noimal value, the late of lespiia- 
tion also becomes normal again 

Not only docs buffer action ]ilay an impoitaiit 
pait in the blood, but we know that many othci 
biological piocBsscs in solutions occui m the 
piesence of coitaiii buffci salts The digestion of 
diffeient foods must occui in solutions that aie 
buffeied to a faiily dcflmte hydrogen ion coiiccn- 
tiation 

46. Ionic Equilibria in Saturated Solutions 
A solution ivliich is satuiated with a 
substance at a definite tempeiaturc contains 
a definite concentiation of that substance 
Let us considei the solution of a slightly 
soluble salt, such as silver chloride, that has 
been piepared by miving the solid salt mlh 
pure water Ciystals ol silver chloiide, AgCl, 
contain equal nurabois of silver and chloride 
ions, and hence, foi each chloude ion in a 
satuiated solution piepaiod in the manner 
desciibed, theie is one silvei ion Fuilhei- 
moie, the satuiated solution of silvei chlo- 
iide, at a definite temperature, always con- 
tains the same concentration of the salt 
Theiefore, it is evident that the concentia- 
tions of the ions are equal and constant The 
product of the concentiations is also con- 
stant: 

[Ag"''] X [Cl~] = Constant 

The concentrations of the two ions, however, 
are not always the same in satuiated solu- 
tions piepaied in other ways If the con- 
centiation of chloride ion is mcicased by the 
addition of sodium chloude, the solubility 
of silver chloride decreases A saturated so- 
lution, under this condition, contams less 
silver ion and more chloride ion than a 



Figure 203 

The solubility product of silver chloride {at a given 
temperature) is the product of the concenirations of the 
silver and the chloride ions in a saturated solution 

satuiated solution made by dissolving silvei 
chloude m pure water In the presence of 
sodium chloride, the deciease in the concen- 
tiation of silver ion is piopoitional to the 
increase of chloride ion The product of the 
ionic concentiations [Ag'"] X [Cl~] therefore 
remams unchanged The product of the 
ionic concentrations m a satuiated solution 
of a suHstance, like silver chloude, that con- 
tains only univalent ions, is called the solu- 
Inhly product of the substance The name is 
quite appropriate, because the numctical 
value of the product depends essentially 
upon the (molai) solubility of the compound 
The principle of the solubility pioduct ap- 
plies only to compounds (composed of ions) 
that aic slightly soluble and whose saturated 
solutions, theiefore, are veiy dilute 

In silver chloude, each ion has a unit 
chaige (Ag’^ and Cl~) In silvei sulfate, how- 
ever, two silver ions, each canying one unit 
of positive charge, aie lequired to form the 
chemical equivalent of one sultato ion, Bi)~ 
A satuiated solution prepared by dissolving 
silvei sulfate in puie water contains, thcie- 
foic, twice as many silver ions as sullate ions 
Expouinentally, we can show that the solu- 
bility of silvei sullate, and hence the con- 
centiation of sulfate ion in a satuiated solu- 
tion, deci eases in a raaimei that is directly 
propoitional to the square of the concentia- 
tion of silver ion The equation foi the solu- 
bility product of silver sulfate may be 
wiitten as 

[Ag+]2 X [SOiT = Solubility Pioduct 
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We should theiefoie extend our definition of 
the solubility product to state that it is tlie 
'product of the ionic concentrations, in a satu- 
rated solution, and is obtained by talcing as a 
factor the concent! ahon of each ion as many 
times as that ion appears in the formula of the 
substance 

Calculations of Solubility Product 

Let us calculate the solubility product of 
silver chloride The solubility of silver chlo- 
ride IS 0 00001 gram-molecular weight per 
liter at 18°, Since the molecule does not 
exist, this means really that 0 00001 X (the 
combined giam-atomic weights of Ag+ and 
Cl“ ions) dissolves m one liter Since the 
two ions are produced in equal numbers, the 
saturated solution contains 0 00001 gram-ion 
each of Ag+ and Cl“ per liter The solubihty 
product, therefore, is 

0 00001 X 0 00001 = 0 0000000001, 01 
1 X io-“> 

The solubihty of magnesium hydroxide is 
0 0002 gram-moleculai weight per liter 
Assuming that this substance is completely 
ionized, the concentration of the magnesium 
ion {Mg++) IS 0 0002 giam-ion per liter 
But the concentration of the hydroxyl ion 
IS twice this amount (0 0004 giam-ion per 
liter), since two hydroxyl ions are formed 
for each magnesium ion The solubility 
product, therefore, is equal to 

0 0002 X (0 0004)2 = 0 000000000032, or 
3 2 X 10-11 

The solubility pioducts of other substances 
are given in Table II, Appendix 

47. Conditions Determining the Extent to Which 
an Ion can be Removed from a Solution by 
Precipitation 

.4 substance begins to piecipitale as soon 
as the pioduct oj the concentrations of its ions 
eiceeds its solubility product, and the total 
quantity that precipitates depends upon the 
extent to which the product of the concentrations 
of the ions exceeds the solubility product Tem- 


perature, of course, has an effect, because the 
solubihty, and hence the solubihty product, 
changes as the temperature changes 

The presence of other ions also alters the value 
of the solubility product of a compound, becairse 
such ions produce electrostatic forces that must 
inevitably have an influence upon the motion of 
the ions of the compound This effect may 
change consideiably the concentiations of the 
ions that must be present to make the rates of 
solution and precipitation, oi ciystalhzatioii, 
equal. 

Consider, for example, the precipitation of 
silver chloride when one giam-ion each of 
silver and chloride ions are brought together 
m one htei of an aqueous solution Silver 
chloiide must precipitate until the product of 
the concentrations of its ions is 1 X 10~“, 
or each concentration is i educed to 0 00001 
gram-ion pei liter This means that 1 — 

0 00001 or 0 99999 giam-molecular weight 
of AgCl will piecipitate This quantity 
varies slightly, ot course, with the temper a- 
ture Unless the pioduct of the ionic con- 
centrations of the silver chloiide solution 
exceeds 1 X 10~“, no piecipitate will form 
For example, no piecipitate forms when 0 1 
gram-ion of silver is placed m a solution 
containing 1 X 10“^^ giam-ion of chloride 
ion per liter, because 0 1 X 1 X 10-'^ = 1 X 

and this product is smaller than 

1 X 10-*“ This solution of silver chloride 
is not saturated 

48 How Can an Ion Be Most Completely Pre- 
cipitated® 

Let us say that vve wish to remove sihei wn 
as completely as possible fiom a solution by 
precipitating it as silvei cliloiide Since [Ag+] X 
[Q-] m a saturated solution must be 1 X 10-“, 
at 20°, it 1 .S obvious that the conccntiatioii of the 
silver ion m such a solution depends upon the 
concentration of the chloride ion, and that it de- 
ci eases as the latter increases If we wish to 
leave as little silvei ion as possible in the solu- 
tion — 01 pi ecipitate as much of it as possible — 
we must make the chloride ion’s conconti atioii as 
gieat as conditions allow For example, a solu- 
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tion that contains 1 gram-ion per liter of Cl“ 
can contain only 1 X 10“'“ gram-ion of Ag+ 

1 X [Ag+] = 1 X lO-i" 


If the concentration of the chloride ion is 0 001 
gjam-ion per liter, then the concentiation of the 
silver ion must be 1 X 10“’ for a saturated solu- 
tion, and so on 

49. The Influence of Hydrogen Ions upon the 
Precipitation and Solution of Calcium 
Carbonate 

Let us Gonsidei the effect of the presence of 
hydrogen ions upon the precipitation of the 
caibonate of calcium A solution containing 
sodium carbonate and calcium chloride mil 
oidinanly yield a piecipitate of calcium 
caibonate, since the solubility pioduct of 
this substance is small (1 69 X 10““) In the 
presence of an acid, however, the following 
ionic reactions i educe the quantity of cal- 
cium carbonate that will precipitate. 

H+d-COa-t^riHCOs-. 

In the presence of a sufficient concentration 
of hydrogen ion, the following reactions also 
occui 

HCOr -(- H+ — ^ H2CO3 

I-I2CO3 — >■ HjO + CO2 + 

Even if the reaction proceeds no further 
than to form bicarbonate ion, the concentra- 
tion of caibonate ion is considerably re- 
duced, because the bicarbonate ion is 
slightly ionized Although the concentration 



Figure 204. The Solubility of Calcium Carbonate in 
a Solution Containing Hydrochloric Acid 


product of the carbonate and calcium ions 
may still be large enough to exceed the 
solubility product of calcium carbonate, cer- 
tainly it cannot exceed it as gieatly as it 
would m an acid-free solution, and hence 
a smaller quantity of calcium carbonate will 
precipitate If sufficient acid is added, the 
concentration of the carbonate ion will be 
reduced to such a low value that the solu- 
bility product of calcium carbonate cannot 
be exceeded No precipitate forms when 
this happens 

Considei, also, the changes that occiii 
when an acid is added to a saturated solu- 
tion of calcium carbonate in equilibrium with 
the solid (Figure 204) 

i CaCOs (solid) Ca++ -b COs= 
HC1:?:±C1- -1-11+ 

H+ -f C 03 = HCOs- and 

HC03--t-Ii+:<=±Fl2C03 

Before the acid is added, the pioduct of the 
concentrations of calcium and carbonate ions 
is equal exactly to the solubility product 
(1 69 X lO-®), since the solution is saturated 
The addition of the acid supplies hydrogen 
ions, which react with the carbonate ions, 
thus reducing their concentration, and caus- 
ing the product of the ionic concentrations of 
the solution to fall below the solubility 
pioduct Since the solution is no longer 
saturated, more calcium carbonate dissolves 
to re-establish the saturated condition of the 
solution If sufficient acid is added, all of 
the precipitate can be made to dissolve. 


50. The Effect of Ammonium Ion upon the Pre- 
cipitation of Magnesium Hydroxide 

The effect of ammonium chloride upon the 
precipitation of a slightly soluble hydroxide, 
such as magnesium hydroxide, is explained 
by Figure 205. The addition of a large 
excess of ammonium ions reduces the avail- 
able concentration of hydroxyl ions, because 
the two ions react to form ammonia and 
water When this happens, the solubility 
product of magnesium hydroxide cannot be 
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Figure 205 The Solubility of Magnesium 
Hydroxide m a Solution Containing 
Ammonium Chloride 


exceeded as greatly as it might be in a solu- 
tion containing no ammonium ion 

[Mg+^-1 X [OBrY = K,p 

Or if a precipitate of magnesium hydroxide 
has alieady been foimed, it tends to dissolve 
in the solution of ammonium chloiide, which 
rendeis the solution unsatuiated by leducing 
the concentration of the hydioxyl ions 

51. The Effect of Hydrogen Ion upon the Pre- 
cipitation of Metallic Sulfides 
In qualitative analysis some of the cations 
(metals) are separated from others by the 
precipitation of then sulfides A solution 
containing the metallic ions is tieated ivith 
hydi ogen sulfide Although this acid is very 
slightly ionized, its satuiated solution con- 
tains a sufficient concentiation of sulfide ions 
to cause the solubdity pioducts of the sul- 
fides of many of the metals to be exceeded 
(see Appendix) If an acid, such as HCl, 
IS added the concentration of the sulfide ion 
is reduced 

K+ + S= :<=± HS- + H+ H^S 

If the concentiation of the hydiogen ion is 
incteased, the concentiation of the sulfide 
ion will be i educed a corresponding amount 
m oidei that the equihbuum condition may 
be maintained If the concentration of the 
sulfide ion is i educed to just the light amount, 
it will be possible to exceed the solubility 
products of the least soluble sulfides (HgS, 
CuS, AsjSs, PbS, SbjSs, BpSs, and SnS) 
without exceeding the solubility products of 


involving ions 

the more soluble sulfides (FeS, ZnS, MnS, 
CoS, and NiS) We assume, of couise, 
that the concentrations of the cations are 
approximately equal In this manner it is 
possible to precipitate mercuric and cupiic 
sulfides, for example, without precipitating 
zinc and manganese sulfides at the same time 
After the removal of the first sulfides by 
filiation, the others may be piecipitatcd 
fiom the filtiate by making this solution al- 
kaline by adding ammonium hydroxide and 
again treating with hydrogen sulfide The 
addition of hydroxyl ions i educes the con- 
centration of the hydiogen ion and thus, in- 
directly, inci eases the concentration of the 
sulfide ion It becomes possible, thoicfoie, 
to exceed the largci solubility pioducts of 
the moie soluble sulfides, and these will then 
piecipitate 

Review Exercises 

1 Fiom the data concerning the percentages of 
ionization of different acids (page 437), 
calculate the concentiation of H*' in 0 1 M 
solutions of HCl, HAc, and HCN Assuming 
that only the fiist stage of ionization occuis, 
make a similai calculation fm HoS, HiCOg, 
and HiPOi, if the ooncentiations aie 0 1 M 

2 Fiom the data obtained m (1 ) and from page 
437, calculate the ionization constants foi 
the leaotions 

H.COj 11+ -I- HCOs- 

H,S 11+ + HS- 

HCN 11+ + CN- 

Assume 0 1 M solutions m each case 

3 Assuming that a solution of acetic acid con- 
tains molecules of the acid m equilibrium with 
the ions, 11+ and Ac~, explain what will hap- 
pen if you arid (1) NaOlI (solid), (2) NaAc 
(solid), (3) watei, (4) HCl, (5) NaCl (solid) 

4 If you have a solution of ammonium hydi ox- 
ide m which the molecules of ammonia and 
watei are in equilibrium with the ions, what 
would happen if you added (1) HCl, (2) 
NH4CI (solid), (3) NaOII (solid), (4) watei, 
(5) NaAe (solid), (6) NaCl (solid)? 

6. What IS the concentration of OH" ion in a 
0,1 N solution of ammonium hydroxide? 
What is the concentration of H+ ion m the 
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same solution? What is the pli of the same 
solution? 

6 Which of the following substances will give 
an acid leaction, and which will give an alka- 
line reaction when dissolved in water? NaaS, 
KAc, CaCh, (NH 4 ) 2 S 04 , K 2 CO 3 

7 In view of the fact that oxalic acid (H2C2O4) 
IS a lelatively weaker acid than HCl, explain 
why calcium oxalate will dissolve in a solu- 
tion to which HCl IS added 

8 Explain the advantage of using different in- 
dicators in titrating solutions of different 
acids and bases 

9 Suggest one reason why barium sulfate 
(BaSOi) does not dissolve in a solution to 
which HCl has been added, while barium car- 
bonate (BaCOs) does 

10 Explain why magnesium hydi oxide is not 
piecipitatcd as completely in the presence of 
NHiCl as in its absence 

11 What IS inconcct in the following statement? 
Phosphoiic acid is a strongei acid than siil- 
fuiic, because it contains thiee leplaceable 
atoms of hyduigen pei molecule while siiffuiic 
has but two 

12 Silver nitiate was added in excess to 100 ml 
of a solution of HCl The precipitated AgCl 
was filteieil, diied, and weighed The pic- 
cijutate weighed 2 6 g How much HCl was 
piesent 111 one litei of the oiigmal solution? 
What was the 1101 mahty of the solution? 

13 15 ml ol a solution of H 2 SO 1 is completely 
neutralized by 32 ml of a solution of 0 5 N 
NaOII What is the concentration ol the 
solution of the acid m terms of ( 1 ) its noimal- 
ity and ( 2 ) the numbei of giain-molecular 
weights pel liter ? 

14 Define solubility product What factois de- 
teimmc the size of the solubility pioduct of a 
substance? 

15 What factor 01 condition detenmnes the 
quantity ol a substance that will piecipitate 
horn a solution in which the 10 ns of the sub- 
stance aie brought togethei? 

lb Calculate the solubility products of BaCiUi 
and Pb(OH )2 if their solubilities (at 18°) 
are 0 000015 and 0 0004 giam-moleciilai 
weight pel liter, respectively Assume that 
the solutes are completely ionized 

17 Using the solubility product principle, show 


why less lead hydroxide is precipitated in the 
presence of (1) NH 4 CI and ( 2 ) HCl. 

18 How does the conoentiation of the sodium 
chloride solution added to a solution of silvei 
nitrate m pi eoipitating AgCl affect the quan- 
tity of precipitate? Explain in terms of the 
.solubility product principle 

19 What indicatoi could be used to distinguish 
between OIN NaOH and 0 00001 N HCl, 
puie water and 0 01 N NH4OH, and 0 00001 
N NaOH and 0 001 N NaOH? 

20 Would it be practical to use NaCl as a buffer 
against an acid solution? Explain 

21 Why IS a solution of NaCl practically neutial 
while a solution of NH4CI is acid? 

22 Give m detail the method which you would 
use to deteimme the appioximate pH of a 
solution of NH4CI 

23 The pH ol a solution of an acid is 5 What is 
the concentiation of H?" m this solution? 
What IS the concentration of 0H“? 

24 Collect the following statements if they aie 
false 

(a) 10 ml of 1 N H 3 PO 1 solution will neutral- 
ize one and one-balf times as much 
NiiOH as 10 ml of 1 N H 28 O 4 
(l>) H|POi IS a stioiigei acid than HCl, be- 
cause the same weight of sodium hydiox- 
ide can neutiahze only one thud as many 
millihtcis of a 1 M solution of H3PO4 as 
it does of 1 M HCl 

(c) Although phosphuiic acid contains three 
lonizablo hydrogen atoms pel molecule, 
while sulfiiiic acid has but two, sulfuuc 
acid is the sti onger acid, because it has a 
higher appaient degree of ionization 

25 Which substances act as acids m each of the 
following (forward) reactions? Which sub- 
stances act as bases m the leveisc reactions? 

(a) H 3 O+ + S= HS- -|- H 2 O 

(b) H 2 O -b C03= HCO 3 - -b OH- 

(c) NHU -b on- NHs + H 2 O 

(d) HC03--b OH- ::;=± CO 3 -+ IHO 

26 What is the approximate pH of a solution that 
gives a blue coloi with biom-phenol blue, 
violet with sodium alizaiin sullonate, blue 
with biom-thymol blue, and yellow with 
thymol blue? 

27 If 20 ml of a solution ol an acid is titiated 
against 1 N sodium hydroxide, and if 15 ml 
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of tlie solution of the base is required, what 
IS the normality of the acid? 

28 What IS the concentration of Ag"*" ion in a 
satuiated solution of silver chloiide, at 18®, 
if the concentration of chloiide ion is 0 01 
gram-ion per liter? How could such a 
solution be prepaied? 

29 Why does cupiic sulfide, CuS, piecipitate 
from a solution containing 2n++, Cu++ 
and H+ ions, while zinc sulfide, ZnS, does not, 
although the concentiations of and Cu''^ 
aiethe same’ 

30 A coluilcss solution of acetic acid containing 
phenolphthalem turns pink as sodium cai- 
bonate is added What does the change m 
coloi indicate? How was the condition caus- 
ing this change produced? 

31 Why does the pH of blood leinain almost 
constant? 

32 Why aie thei c fewei sulfide ions pei litei in a 
solution of HjS when HCl is also piesent than 
in a solution of IHS when no HCl is piesent'’ 

33 Indicate whetliei the following statements 
aie true oi false 

(a) The pH of a colorless solution containing 
phenolphthalem is greater than 7 

(b) The pH of a 0 1 N HCl solution is appioxi- 
inately 1 

(c) The pH of any solution containing an 
acid IS greater than 7 


(d) The pH of a solution of sodium acetate 
IS greatei than 7 

(c) The pH of a solution of ammonium chlo- 
ride is less than 7 

(f) As an acid is added to a solution of sodium 
hydioxide, the color of any indicatoi m 
the solution changes when equivalent 
quantities of acid and base have been 
mixed 
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Considerable doubt exists as to the nature of 
nitrogen Though ranked among the simple non- 
metallic bodies, some circumstances have led to the 
suspicion that it is compound, and this opinion 
IS warmly advocated by Sir H Davy and Beizclius 
CEEMI&TRY TEXT OF 1828 


NITROGEN 

1 Introduction 

In 1772, Rutheifoid burned diffeicnt sub- 
stances, such as phosphorus and carbon, in 
vessels filled with an, and noticed that after 
combustion had occuiied the an was differ- 
ent in seveial respects fiom oi dinary an 
It no longei suppoited combustion, and foi 
this reason, Rutheifoid icgarded it as an 
saturated with phlogiston He also showed 
that the air m a small space that was occu- 
pied foi some time by animals undeiwent a 
similar change To study this air, he 
bubbled a sample ot it thiough a solution 
containing an alkali, such as sodium hydi ox- 
ide, and found that a poition — now called 
caibon dioxide — -was absorbed The final 
residue did not support life oi combustion 
and, in general, was inactive as compared 
with ordinary air Scheele later showed that 
the inactive gas pioduced by Rutheiford 
was always piesent in an, and Lavoisiei, 
who fust lecognized it as an element, gave it 
the name azote Latei, Chaptal suggested 
the name nitiogen foi the element, because 
it was found to be a constituent of niter, a 
substance now knoivn as potassium nitrate 

2 Sources of the World's Nitrogen Supply 

Most of the woild’s nitiogen supply exists 
in the form of the fice element The atmos- 
phere consists of almost 80 per cent of nitro- 
gen by volume, or about 75 per cent by 


weight, and the total quantity of it above 
every squaie mile of the earth’s surface is 
about 20,000,000 tons It is fi om this source 
that a laige pait of the nitiogen requiicd to 
meet the world’s needs is now obtained The 
conveision of this nitrogen into useful com- 
pounds, such as ammonia, is sometimes re- 
ferred to as the fixation of mli ogm Fi om the 
ammonia thus obtained, nitric acid, fertil- 
izers, and other important products aie 
manufactuied Nitric acid, in turn, is used 
to make many more A considerable amount 
of ammonia is also obtained by the destruc- 
tive distillation of coal, and, until faiily 
recent times, most of the nitric acid made m 
this country and elsewhere was manufac- 
tured by a process using sodium mtiate and 
sulfuric acid The sodium mtiate required 
for this process was obtained from South 
America 

In the decay of orgamc material proteins 
aie gradually changed into ammonia, ni- 
trites, and nitrates by ceitain reactions that 
are influenced by the action of bacteria of 
several different kinds Some of the am- 
monia escapes into the an Some tree nitro- 
gen IS also released during the decomposition 
of proteins; this also escapes and becomes a 
pait of the vast store of mtrogen in the air 
The nitrates resulting from the decay of 
nitrogenous mateiial may accumulate, pro- 
ducing deposits ot great value Nitrates 
are very soluble and, therefore, such deposits 
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can foim only under conditions where theie 
IS insufficient watei to dissolve them and 
cairy them away 

An extensive deposit of sodium nitrate occurs 
in a desert region in the mountains along the 
Pacific coast of South Ameiioa Most of the 
deposit IS in Chile The beds vary in thickness 
trom 8 inches to 14 leet and aie found on the 
suiface in a stiip about 200 miles long and 2 
miles wide The origin of this deposit is not 
definitely known Some theoiies attiibute its 
formation to the oxidation of the excreta and 
lemaius of bud hie oi other oigaiuc mateiials 
According to other theories, the sodium mtiate 
has been slowly leached from soil and roclcs, and 
the solution has evapoiated, leaving a residue of 
the salt The material taken finm the deposit is 
called caliche This is leached with watei, and a 
piodiict that IS irchei m sodium mtiate than the 
oiude mateual is obtained This is called dale 
saltpeter Its pioduction is conti oiled by the 
Chilean government, and a tax placed on its ex- 
portation IS a most valuable soui cc of income to 
that government Somewhat similai mtiate 
deposits aie found m caves in the central states 
of our own countiy The saltpetei (KNOi) 
of Mammoth Cave has been used in the manufac- 
tiue of black gunpowder Some oaves m the 
limestone legion oi Indiana contain similai de- 
posits At least one of these is known as Salt- 
petei Cave Cave-deposits of mtiate aie the 
lesultb ol the decomposition tif the remains and 
lefuse of bats and other animals that inhabit 
these passages The early supply of saltpetei 
came fiom India, where nianuie was allowed to 
decompose aftei mixing it with wood ashes 
The lattei supplied potassium carbonate, which 
leaoted with the decomposition products of the 
manure to foim jictassium nitrate This salt was 
separated fiom the valueless material by leaclung 
the mass with watei. The saltpetei was then 
allowed to ciystalhze fiom the solution. The 
product was used m the manufaotiiie of black 
gunpowder 

Chile saltpetei finds widespiead use as a con- 
stituent of feitilizeis, in which it provides the 
necessary mtiogen content It is also used in the 
manufacture of nitiio acid Vaiious processes 
foi pioducmg nitric acid and othei mtiogen com- 
pounds from the mtiogen m the air have made 
most countries moie oi loss independent of the 


South Amencan supply of sodium mtiate, al- 
though the deposit is still a very valuable natural 
resource 

3 The General Importance of Nitrogen 

Aside fiom its use in the manufacture of 
ammonia, nitiic acid, and othei compounds, 
the mtiogen ot the an is of extieine impor- 
tance and value to man and to all othei 
forms ol life Foi example, it dilutes the 
oxygen, and theicloie retards oxidation. 
Lite, ceitamly, would be much dilfercnt tiom 
what it is if the atmosphere were composed 
of pure oxygen, foi one thing, it would proba- 
bly be of much shorter duration Not only 
would life be diffeient, but the woild would 
be a difteient place m which to live The 
combustion of iuel in stoves and furnaces 
would be difficult to conti ol, the coiiosion 
of non and steel would proceed so lapidly 
that then use would be impiactical, and 
decay would also be gicatly accelerated 

The mtiogen of the an mdiiectly supplies 
plants with one of then essentials, usually 
the element is obtained by plants in the form 
of compounds present in the soil, but the 
an is the mdnect source Ovei a long peuod 
of tune, at least small ciiiantitios ol these 
compounds are added to th(‘ soil as a result 
ot leactions between nitrogen and oxygen, 
which combine undei the' influence of elec- 
trical dischaiges — lightning flashes — dur- 
ing thundcrstoims Ceitain plants can use 
the element more oi less diiectly tluough the 
help ot bactena that inhabit nodules on their 
roots and convert free mtiogen into com- 
poimdb that the plants requne From the 
compounds — ■ compounds such as nitiates — 
thus made available to them, plants syni.he- 
size complex substances called proteins, 
which contain oxygen, caibon, hydiogen, 
and sometimes othei elements m addition to 
mtiogen The proteins made by plants 
may then serve as a part of the food supply 
of animals, which convoits them into othei 
proteins that are used in building up tissues 
or m other lunctions of their bodies Famil- 
iar piotems include egg albumen, casein 
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(curds) of milk, and the gluten of wheat 
flour The proteins of our diet are obtained 
liom such foods as meats, eggs, imlk, cheese, 
some vegetables, nuts, and cereals Nitrogen 
IS eliminated from the bodies of animals in 
the loim of uiea, (NH 2 ) 2 CO, and othei nitio- 
genous decomposition products found m 
mine The element is necessary to the life 
of every plant and animal, it is lequiied to 
build the protoplasm of every cell in their 
bodies The pioper functioning of the or- 
gans of our bodies is often a question of the 
proper metabolism of nitrogenous com- 
pounds The human body contains about 
three pounds of nitiogen loi one hundied 
pounds of weight 

Many of our manufacturing industiies 
also depend to a very significant extent upon 
uses of the compounds of nitrogen The 
most important of these compounds is nitric 
acid, which is used in manufactuiing feitil- 
izeis, explosives, dyes, drugs, and many 
other materials 

4 Production of Nitrogen for Commercial Uses 

For commercial uses nitrogen is obtained 
Irom the air Theie is no natural compound 
that serves as an economical source of the 
element, because the principal problem of 
the nitrogen industry is to make mtiogen 
compounds Hence, the production of the 
free element by decomposing a compound 
already made would be contiary to the 
primary purpose of the industry 

Nitrogen is produced by the fractional 
distillation (page 195) of liquid an (page 
66) It IS easily separated by this method 
from all other components of the an except 
argon and other inert gases that do not in- 
terfere in the use of mtrogen for most 
purposes 

5. Production of Nitrogen in the Laboratory 

(1) Laboiatory samples of nitrogen can be 
prepared by burning phosphorus, coppei, 
hydrogen, carbon, or other combustible sub- 
stances m an, thus lemovmg the oxygen; the 
nitrogen obtained in this manner always 


contains other substances, but a fairly satis- 
factoiy product can be obtained if the prod- 
ucts of combustion aie not volatile, as cupiic 
oxide, or if they aie gases that dissolve read- 
ily m water The method shown m Figure 
206 can be used when phosphoius is em- 
ployed to remove the oxygen When the 
phosphorus burns, the bottle is filled with a 
white smoke consisting of particles of phos- 
phorus pentoxide, which soon dissolve in the 
watei to form phosphoric acid, leaving a 
gaseous residue that is largely nitrogen 
An expel iment designed to remove oxygen 
from ail by means of coppei is shoivn in 
Figuie S, page 29. In this reaction the 
product, ciipiic oxide, is non-volatile and 
lemains in the tube Since only oxygen is 
removed, samples of nitiogen produced by 
any of these methods are nevei pure, they 
contain carbon dioxide, watci vapoi , and the 
inert gases The carbon dioxide can be re- 
moved by passing the gas thiough a solution 
of sodium hydroxide, the watoi vapoi can 
be condensed by cooling, but the removal 
of the melt gases is a difficult process that 
involves liquefaction, followed by distilla- 
tion of the liquid to separate the elements 
that are present 

(2) Small samples of pure nitiogen aie 
most readily piepared by heating ammo- 
nium nitrite (NH 4 NO 2 ) 

NH4NO2 — V N2 + 2 H2O 



Figure 206. The Removal of Oxygen from a Sample 
of Air by the Combustion of Phosphorus 
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The water is easily condensed, leaving a very 
puie sample of nitrogen Since ammonium 
nitrite is veiy unstable, some dangei is in~ 
volved in heating the pure, dry substance 
In ordei to avoid this danger, the substance 
iS usually piepared in solution from a mix- 
ture of sodium nitrite (NaNOu) and am- 
monium chloiide (NH4CI) When the mix- 
tuie is heated slightly, the ammonium and 
nitrite 10 ns react to form nitrogen and water* 

NH4+ -h NOr — > N2 + 2 H2O 

Heating must be earned out slowly, by im- 
meising a vessel containing the mixture m 
anothei vessel hlled with ivarm water, in 
Older to prevent the reaction from becoming 
too rapid 

(3) Nitiogen can also be pioduced in small 
amounts by other reactions which involve 
the oxidation of nitrogen in compounds like 
ammonia, or the reduction of the nitrogen in 
compounds, such as the nitrates Free iiitio- 
gen 18 formed, foi example, when ammoma 
IS passed over hot cupnc oxide 

3 CuO + 2 NHs — ^ 3 H 2 O + 3 Cu -h Nj. 

This reaction utilizes the oxidizing action of 
cupiic oxide Nitrogen is oxidized and cop- 
per IS reduced 

Nitrogen can also be produced from am- 
monium nitrate (NH4NO3), by the action of 
a vigorous reducing agent, such as phos- 
phorus 

5 NH4NO3 + 2 P — >- 

2 H3PO1 + 7 II2O -h 5 Nj 

PRACTICE IN BALANCING EQUATIONS 
INVOLVING CHANGES IN VALENCE 

Simio of tlie reactions that we have just used 
10 descnbing methods foi the production of iiitio- 
gen aie not veiy ea'-ily written as equations, un- 
less we undei stand and use the method first de- 
sciibed on page 356 foi writing such equations 
We shall show how thiee of these equations are 
balanced, 111 oulei that we may leview the method 
and get turthei practice in using it 


(а) The Reaction of Phosphorus with Ammonium 
Nitrate Skeleton equation* 

NH4NO3 -f- P — ^ HsPOi A H2O -)- N2 

Each phosphorus atom changes ui valence num 
her fiom 0, foi the free element, to 6, in phot - 
phone acid. Each mtiogen atom m the ammo- 
nium ion changes its valence number from -3, m 
NH4+, to 0, m N2 Each nitrogen atom m the 
nitrate ion changes fioin 6 to 0. Foi the two 
nitiogen atoms m the formula NHiNO,, there- 
fore, the total net change in valence number foi 
mtiogen is —2 In the balanced equation the 
changes in the valence niimbeis of the two ele- 
ments must be the same, and we must use a suffi- 
cient numbei of phosphorus atoms and nitro- 
gen atoms (in ammonium mtiate) to make this 
condition possible The total change m the 
valence number of each element must, il it is to 
be the same foi each, be the smallest common 
multiple of 2 and 5, which is 10 Now to get a 
total valence numbei change of 10 foi phosphoius, 
wc need two atoms, to do the same foi mtiogen, 
we must use the formula, NH4NO3, five tunes in 
the equation We now know what we need to 
balance the left-hand side of the equation The 
light-hand side is easy Two atoms of phos- 
phorus can form two molecules of H3PO1, each 
of which contains one atom of phosphoi ns Five 
mtiogen atoms in the five aminonium ions plus 
the five 111 the mtiate 10ns, 01 ten m all, will foim 
five molecules of N'l Theie are also louiteeii 
atoms of hydiogen on the left-hand side and 
seven atoms of oxygen that are not used in 
foimmg H3PO1, these will toim seven molecules 
of water. The complete equation, therefoie, is 

5 NI-ENO3 + 2 P — »- 2 lEPOi + 7 HjO + 5 N2 

(б) The Reaction of Cupi w 0 1 ide and Ammon la 
To balance tins equation, wo note that eaoli 
coppei atom changes in valence niunboi horn 2 
to 0, each nitrogen atom changes fiom —3 to 0 

CuO -f NH3 — )- Cu -I- Ni -b HaO 

The smallest common multiple of 2 and 3 is 6, 
which must be the total change m the valence 
number ol each element in the balanced equation 
To get this we must use 3 atoms of copper and 
2 of mtiogen, or 3 CuO and 2 NHs The six 
atoms of hydiogen m 2 Nils show that tlnee 
molecules of water are formed and, of course, 
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three atoms of copper and one molecule of nitro- 
gen are set free 

3 CuO "i" 2 NH3 3 Cii -f- N2 -f- 3 H2O 

(c) The Decomposition of Ammonium Nilnte 

NH4NO2 >-N2+H20. 

Each nitrogen atom is set tree in the decomposi- 
tion of this compound The nitiogen atom of the 
ammonium ion changes its valence number from 
—3 to 0, the one in the nitiite ion, fiom 3 to 0 
Hence, the change in the valence of one land of 
nitrogen (in NH4+) is exactly balanced by the 
change of the othei (in N02“) 

PROPERTIES OF NITROGEN 

6. Physical Properties 

Nitrogen is a coloiless, odorless, and taste- 
less gas undei oidinaiy conditions Its boil- 
ing point undei a piessiue ot 760 mm is 
-195 8°, and its fieezing point is —209 9° 
Its critical temperature is —147° It is 
slightly less dense than an, which contains 
the heavier molecules of oxygen as well as 
those of nitiogen, under standard conditions, 
one liter weighs 1 2506 g Nitrogen dissolves 
only slightly in water, undei standard con- 
ditions, 100 ml of water dissolves about 
2 3 ml of it 

7. Chemical Properties 

The nitrogen atom contains five valence 
electrons, which are located in the second 
level The molecule consists of two atoms 
united by one or moie pairs of shaied elec- 
tions The following stiuctures seem the 
most probable 

N N or N- -N: 

The molecule is very stable, 172,000 calories 
being requiied to decompose a gram-molecu- 
lar weight. This laige quantity of eneigy 
accounts for the slight activity of the ele- 
ment, which shows veiy little tendency to 
form compounds with any othei elements 
under oidinary conditions It combines 
with many of the metals at elevated temper- 


atures When magnesium is burned in aii, 
some of the metal forms the nitride, MgsNa 
Other nitrides of metals are CasNa, L13N, 
and AIN The nitride of hydrogen is called 
ammonia and has the formula, NH3 At 
high temperatures, nitrogen combines with 
oxygen to form nitiic oxide (NO) Moie 
active nitrogen is produced by subjecting the 
element to a high-voltage clectiical dis- 
charge This form of nitrogen probably con- 
sists of “excited” 01 activated atoms pro- 
duced by the displacement of at least one 
valence election to a level beyond the second 
(Figuie 207) This form ot nitrogen con- 
tains more chemical energy than ordinary 
mtrogen, and the displaced electron is more 
easily engaged in leactions, as, for example, 
m forming a pan with an election from an- 
other atom This active form of nitrogen 
combines icachly with many elements, in- 
cluding sulfur and phosphorus, ivith which 
molecular nitrogen does not react 

Most nitrogen compounds are not pio- 
duced directly fiom the element instead 
they are made from ammonia, nitiic acid, oi 
one of the oxides In ammonia and in the 
nitrides of the metals, the element has a 
valence number of —3, which is explained by 
the five electrons in the atom's valence group 
01 level This group requiies only thiee 
more electrons to make the eight needed foi 
a stable structure, and hence the valence of 
the element in compounds such as ammonia, 
HNj, m which it completes the gioup of 
eight elections by sharing three pans of elec- 
tions with atoms of hydiogen or of some 
other clement, is —3 The positive valence 
number oi nitrogen may be 1, 2, 3, 4, 01 5, 
as for example in the five oxides N2O, NO, 



Figure 207. The Excited, or Active, Atom of 
Nitrogen 
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N2O3, NO2, and NaOs Nitrogen trioxide 
and nitrogen pentoxidc aie the anhydrides of 
nitrous, HNOa, and nitric, HNO3, acids, in 
which the valence niimbeis of nitrogen are 
3 and 5, respectively These acids and their 
salts ■ — ■ the nitntes and the nitrates — ■ are 
among the most important inorganic com- 
pounds of the element In the nitiite and 
nitiate 10 ns, N 02 ~ and NOs', and in the 
oxides as well, atoms of nitrogen form co- 
valent bonds ivith oxygen 

8. Uses of Nitrogen and Its Compounds 

The high degiee of stability possessed by 
molecular nitrogen results 111 a tendency of 
many compounds of the element to decom- 
pose, liberating the free element Many of 
these break up following percussion and are 
therefore used as explosives Their use for 
such purposes depends upon the expansion 
that accompanies the decomposition The 
compounds aie usually solids The products 
of the explosion are gases, which often in- 
clude free nitrogen The change from the 
solid to the gaseous state, together with the 
expansion of the gas that accompames the 
liberation of heat and rise in temperature as 
the compound decomposes, results in a tre- 
mendous increase m volume If this occuis 
rapidly enough, othoi substances — air, 
etc — are foiocd out of the way with “ex- 
lilosive violence ” One ot the simplest ex- 
plosive compounds of nitrogen consists of 
nitrogen tu-iodide combined with ammonia, 
NI 3 NH 3 This substance may be exploded 
by a slight jar It is too sensitive to percus- 
sion to be of any practical value as an ex- 
plosive Important explosives aie made by 
the action of nitiic acid upon glycenne, 
toluene, cellulose, phenol, and the like 

Nitiic acid IS also used in enoimous quan- 
tities to produce fertilizers, drugs, dyes, 
photogiaphic hlms, and lacquers Ammonia, 
m addition to its use in limited quantities m 
the household and in the chemical labora- 
toiy, IS used in the manufacture of fertilizers. 
Much of it is also converted into nitric acid, 
The most important use of free nitrogen, 


therefore, is in the synthesis of these two 
important chenucals — ammonia and nitric 
acid 

In 1898, Sir William Crookes called attention to 
the fact that the world’s natural resources oi 
combined mtiogcn would be exhausted within a 
relatively short peiiod of time, and that methods 
of “fixing” the nitiogen in the an must be dis- 
covered Due to the very slight chemical activity 
of free nitrogen the tremendous supply in the air 
is without value until compounds are made from 
it At the beginning of World War II, the plants 
that had been constructed for the fixation of this 
nitrogen in the atmosphere had a total pioducing 
capacity of about 4,000,000 tons of nitrogen an- 
nually, and the actual pioduction was piobably 
about one half of that quantity In addition, coal 
IS still used to supply largo amounts ot ammonia, 
and Chile saltpetci supplies combined mtiogen 
for use in fertilizeis and ni making nitiic acid, 
although indiistiy is coming to depend less and 
less upon these soiiicos and moie and moie upon 
the pioduction of mtiogen compounds from the 
mtiogen of the an 

Flee nitrogen is used in one of the processes 
for hardening steel It is frequently used to 
replace air when an ineit, non-oxidizing and 
non-reducing atmosphere is desirable Elec- 
tiic lamps arc geneially hlled with mtiogen 
or a mixture of nitrogen and aigon Meiciiry 
thermometers (especially those which aie 
prepared tor use at high tempeiatuies) may 
contain nitrogen m the capillary space above 
the meicuiy. The intioduction of mtiogen 
deci eases the tendency of the metal to evap- 
orate into this space and reduces the error 
in temperature reading that arises tiom this 
source 

A few compounds, besides ammonia, are 
made diiectly Irom the free element, one 
ot the most important of those is calcium 
cyanamide, CaCN 2 , which is used as a fer- 
tilizer and also in the production of am- 
monia 

9. Nitrogen in the Soil 

The locks and soils of the earth's surface 
contain naturally very little combined nitro- 
gen. Compounds of this element are, how- 
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ever, essential nutritive materials that plants 
must acquire trom the soil The mixtuies 
sold and used as fertilizers for the enrich- 
ment of the soil contain compounds of one 
01 more of the three elements, nitiogen, po- 
tassium, and phosphorus, and sometimes 
smaller amounts of compounds of other 
elements as well The nitrogen m these 
mixtures is usually m the form of nitrates or 
ammonium salts KNO3, NaNOs, Ca(N03)2, 
NHiNO^, (NH4)2S04, and (NH4)3P04 The 
manufacture of these compounds requiies, 
in normal times, a large percentage of the 
world’s pioduction of ammonia and nitiic 
acid 

In addition to the nitiogen added to the 
sod through the use of “chemical ” fertilizer, 
there are various other agencies which con- 
tribute to the soil’s fertility with respect to 
nitiogen, and theie are other means by which 
the farmci can lestoie the nitrogen that is 
withdrawn by the removal of crops such as 
com and wheat Some nitrogen and oxygen 
combine undei the influence ol the clcctiical 
discharges that play across the sky during a 
thunderstorm The compounds pioduced m 
this mannei dissolve in the lain and even- 
tually find then way into the soil, where they 
add at least something to the fertility over a 
long period of time There is another nat- 
ural method of nitrogen fixation, howevei, 
which IS ot much greater importance than 
lightning Certain plants, called the legumes, 
have oil thou roots small nodules in which 
theie are certain bacteiia that have the 
unusual power of converting free nitrogen 
into compounds that plants can use These 
bacteiia piobably first foim proteins which 
aic later changed into nitrates The exact 
manner in which bacteiia produce f.hcse 
(iompounds ot nitrogen is unknown With 
the aid of these bacteiia the legumes aie 
able to feed upon the nitrogen of the air 
In addition to supplying their mvn needs, 
they “fix” more nitrogen, which remains in 
the soil to seive as food foi othei plants 
The leguminous plants include alfalfa, 
clover, beans, and peas The wise farmer 


piactices a system of crop rotation, in which 
each pait of his cultivated land is planted in 
some leguminous crop at least once in four 
yeais If the legume is “turned under,” 
the soil IS gieatly enriched by the addition of 
all the nitrogen which the plants (and then 
coexisting bacteria) have been able to as- 
similate from the an Crops turned beneath 
the soil in this mannei aie called “green” 
manures 

Some nitrogen finds its way back into the 
soil from the stubble ot gram, fiom weeds, 
and from other plants that are allowed to de- 
compose when they die The faimei aids 
this process by adding vanous manures to 
the soil These consist of nitiogenous or- 
ganic materials, which m the process of 
decay aie converted into ammonia, then 
into nitrites, and finally into nitrates Bac- 
terial action is important in all of these 
changes 

1 0 The Natural Nitrogen Cycle 

Nitrogen appeals to belong natuially only 
in the atmosphere of the eaith However, a 
relatively small amount of it is always found 
in the combmed state on the earth’s surface 
and m the soil This small quantity of 
fixed nitrogen is not permanent but is ever 
undei going changes which, taken together, 
make a cycle Some nitiogen from the air 
IS converted into compounds eithei by elec- 
trical dischaiges 01 by the action of the 
mtrifying bacteria that live upon the roots of 
leguminous plants This nitiogen is then 
used by plants m synthesizing vanous com- 
plex substances which compose their own 
btiuctures 01 which are stored m seeds, fruits, 
roots, blades, branches, 01 leaves The 
puxluct of the plant’s assimilation of nitio- 
gcii IS a protein of one kind 01 another 
These piotems seive in pait as foods foi 
animals, which convert them during metabo- 
lism into other proteins, often of a Ingher 
order 01 moie complex stiuctuie Even- 
tually many of them are converted into othei 
substances and eliminated as waste products 
of the animal body Othei plant proteins. 



■470 


NITROGEN AND AMMONIA 


Amino acids, 
urea, etc 



and animal pioteins as well, finally undcigo 
chemical changes involving decomposition 
and decay Some may be destioyed by com- 
bustion In these changes some of the nitro- 
gen may escape into the fiee state, while the 
lemaindei is converted into ammoma, ni- 
trites, and nitiates, in which foims a laige 
pait of the mtiogen may be leturned to the 
soil This cycle (Figuie 208) is of extremely 
great importance to life on the earth In all 
of these changes, soil bacteiia are active 
agents Certain bacteria convert nitiates 
into nitrites, free nitrogen, and ammoma, 
others act in the opposite direction to pro- 
duce, first, nitrites, and then nitrates 

AMMONIA 

1 1 . Introduction, History 

At one time, ammonia was prepared by 
heating the horns and hoofs of animals in the 
absence of an The gas produced during the 
decomposition of these materials, which con- 
tain proteins, was dissolved in water to form 
a solution called “spirits of hartshorn ” Foi 
some leason the name ammonia later came 
into general use This name is probably 
derived from that of the Egyptian deity, 
Jupiter Ammon, near whose temple there 
was obtained, in early historical times, a 
mixture of salt and sodium carbonate This 


mixture was given the name of sal ammoma- 
cum Much later this name was applied to 
the salt, ammonium chloiide, which is still 
called sal ammomac Puie ammonia was 
probably prepared for the first time about 
1774, by Piiestley, who heated sal ammoniac 
with slaked lime and collected the gas by 
displacing mercury Similar experiments 
had been performed before, but these had at- 
tempted to collect the gas by displacing 
water and had resulted in failure because 
ammonia is very soluble in water The name 
ammoma was given to the gas by Bergman 
(1782), and Berthollet (1785) determined the 
composition of the compound 

Thioughout the following discussion caie- 
ful distinction should be made between the 
term ammonia (NHs) and the term am- 
monium, which refers to the Nlij'' ion and 
which IS present in solutions ot ammonium 
hydroxide (NH4OH) and the salts formed by 
this base (NIBCl, NH4NO3, and (NH 4 ) 2 S 04 ). 

12 Laboratory Method of Preparation 

Laboratory samples of ammonia can be 
piepaied from solutions of ammonium hy- 
droxide When the solution is wanned, am- 
monia escapes and, being lighter than air, 
can be collected by the upward displacement 
of air (Figure 209) The reaction is shown 
by the equation 

NHi+ + OH- — FLO -b NIL + 

(This reaction is not shown as loversible 
because of the escape of ammoma ) Instead 



Figure 209 The Preparafion of Ammonia and ft< 
Collection by the Upward Displacement of Air 
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of using pure aimnonium hydroxide solution, 
an anunonium salt may be ticated -with a 
base, such as sodium hydroxide or calcium 
hydroxide 

(NH 4 + + C1-) + (Na+ + 0H-) 

(Na+ + Cr) + NHj + H 2 O. 
(2 NH 4 + + SOr) + + 2 OH-) ^ 

CaSOi \ + 2 NHs + 2 HjO 

The solid substances may be mixed to give 
the above reactions, if a trace of watei is 
present, 01 the base may be added to a solu- 
tion of the ammonium salt These methods 
are not used, of course, for the manufacture 
of ammonia m large quantities, because am- 
monium salts, themselves, are pioduced fi om 
ammonia 

Ammonia is produced by the hydrolysis 
of magnesium nitride 

MgsNa + 6 H 2 O ^ 

3 Mg(OH)2 j -h 2 NH, t 

Magnesium nitride is made by passing nitro- 
gen ovei heated magnesium This, also, is 
a laboratory method 

1 3 The Production of Ammonia from Coal 

Coal contains an average nitrogen con- 
tent of about one per cent Duiing destruc- 
tive distillation a portion ot this nitrogen 
(20 to 50 per cent) is converted into am- 
monia, and the lemainder into fiec mtiogen. 
The coal gas that contains the ammonia is 
washed by passing it through '‘scrubbers” 
contaming water The ammonia dissolves, 
lorming a solution of ammonium hydi oxide 
and ammonium salts This solution is called 
“ammomacal liquor ” Tt is treated with 
slaked lime to convert the ammonium salts 
into ammonium hydi oxide, and the mixtuie 
IS then heated with steam to diivc oft the 
ammonia The ammonia, now in a more 
neaily pure state, is dissolved in watci 01 m 
a solution ol an acid, a laige part ol the 
ammonia pioduced from coal is dissolved m 
a solution of sulfuric acid and converted into 
ammonium sulfate, which is used chiefly as 
a fertilizer About 20 pounds of ammonium 


sulfate IS produced from each ton of coal, 
the annual pioduction in the United States 
is normally about 700,000 tons with at least 
as much more produced from synthetic 
ammonia 

14 The Haber Synthetic Ammonia Process 

Of the several pi 0 cesses that have been 
proposed for the fixation of nitrogen the 
synthetic ammonia, or Haber, process is the 
most successful It involves the diiect 
synthesis of ammonia from nitrogen and 
hydiogen 

N 2 + 3 H 2 2 Nils + 22,000 calories 

Duimg Woild Wai I, this process was opci- 
ated for the hist time on a laige scale in 
Geimany to supplement the production of 
ammonia from coal Ammonia was used 
to produce mtiic acid, which was lequiied 
foi the manufacture of explosives Since 
sodium nitrate could not be imported from 
South America, the mihtaiy foices of Ger- 
many could not have waged war foi four 
years ivithout the Habei pioeess to supply 



Figure 210 The ReacHon Chember of )he Haber 
Synthetic Ammonia Process 
The mixture of nitrogen and hydrogen enters at A, passes 
down around the catalytic chamber and finally over the 
catalyst at C The gaseous mixture is heated, before 
passing over the catalyst, in H, where heat is supplied by 
the flow of an electric current through resistance wire 
After the reaction in C, the gases flow out through the cooling 
chamber B and into absorbing towers through D 
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thcir needs, Befoie that wai was ended, 
the same process, oi modifications of it, was 
used in othei countiies, and at the outbieak 
of Woild Wai II it was the piincipal source 
of ammonia and, indiiectly, of nitric acid in 
all the countries engaged in the conflict 

The leaction upon which the piocess is 
based is leveisible and exothermic Accord- 
ing to Le Chatelier’s principle (page 420) an 
inciease in the temperatuie should favor the 
reverse leaction and thus reduce the pei- 
centage of nitrogen that is converted into 
ammonia The effect of an mciease in tem- 
perature is shoivn in Table 26, columns 1 
and 2 These data show that it is possible 
to convcit a fairly high percentage of nitio- 
gen into ammonia at 200° At that tempei a- 
tuie, however, the speed of the reaction is so 
slow that it is not commcicially of any value 
Wien the temperatuie is inci eased, the speed 
of the leaction is also inci eased, but the per- 
centage of ammonia in the equilibrium mix- 
tuie (Table 26, column 2) is so small, above 
300°, that the reaction cannot bo used eco- 
nomically to make ammonia The only 
possible solution to a problem of this kind 
is a catalyst that ivill acceleiate the loaction 
at a temperature foi which the equilibiium 
inixtuie contains a satisfactory pcicentage of 
ammonia , 

One othci factor can also be conti oiled 
in such a way that the percentage of am- 
monia is increased foi a given tempei atiue 
This IS the pressure of the gases in the react- 
ing inixtuie From the equation for the re- 
action it IS evident that one volume of iiitio- 
gen reacts with three volumes of hydiogen 
to foim two volumes of ammonia The ic- 
action IS favored, therefore, by high pies, sure 
The effect of piessuie is shown by the flata m 
Table 26, columns 2-5 

The details of the synthetic amino ma piocess 
aie biiefly summaiized below 

(1) Pressuie Habei first used a piessiue of 
about 200 atmospheres Caibon-fiee cliiomiura 
steel was found to be ncccssaty for the bombs oi 
vessels m winch the reaction was earned out, 
heeaiise hydrogen diffused lapidly thioiigh walls 


made of oidinary steels. Higher pressures have 
been used In some plants pressuies up to 1000 
atmospheres aie used At 200° and 1000 atmos- 
phere.s, the percentage of ammonia in the equi- 
libiimn mixture is about 98 

(2) Tempeiature Even with the aid of a suit- 
able catalyst, the speed ol the reaction is too 
slow, unless the tempei atuie is maintained at 
4OO°-0OO° 

TABLE 26 


Effect of Temperature and Pressure upon the 
Production of Synthetic Ammonia 


Tempera- 
ture De- 
grees C 

Percentage of Ammonia in the | 

Equilibrium Mixture 1 

1 atmos- 
phere 

1 00 at- 
mospheres 

200 at- 
mospheres 

250 at- 
mospheres 

200° 

15 3 


86.0 


300° 

2 2 




500° 

0 13 

102 

17.6 

20 0 

600° 

0 05 

45 

8 2 

95 

700° 

0 02 

2 0 

4 0 

50 

800° 

0 01 

1 1 

2 2 

28 

900° 


08 

1 2 

1 8 

1000° 

0 004 

04 

09 

1 2 


(3) Catdli/sts The industiy is always socking 
a catalyst winch mil accelciate llie speed of the 
reaction so that it may be opeiated at a lowoi 
tempeiature, at wlndi the peicentage of am- 
monia 111 the equihbiium mixture is higher 
Among the catalytic substances which have been 
used atp osmium, uiamum, a mixture ot non and 
molybilcniim, and a nuxtuie of non oxiile and 
])oUssium aluimnate (potassium oxide ami 
aluminum oxide) 

(4) Materials Nitrogen is obtained fiom liquid 
ail, and hydiogen fiom water gas oi fiom smu l m 
g.ises pioduced by the action of steam upon diffei- 
eiit hydrogen compounds of caibon Both ele- 
ments can be oiitamed simultaneously by blowing 
a mixtiue of steam and an ovei hot coke, steam 
supplies the hyiliogcn and an the mtiogcii, while 
the coke lemoves the oxygen of the air and re- 
duces watoi, forming caibon moiioxirle 

The caibon monoxide must be removed, this is 
accouiphslied by the method desciibed for the 
piepaiation of hydingen from watei gas (page 
111) Othei souices oi hydrogen (page 111) may 
also be used The gases used in the i eaction must 
not contain substances that poison (page 421) the 
catalyst Their puiihcation, and especially the 
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Courtesy of the American Cyanaimdo Company 


Figure 211 Fixation Ovens in Which Electrically Heated Calcium Carbide and Nitrogen React 

to Form Calcium Cyanamide 


puiifioation of hydiogen, is sometimes the most 
difficult pioblem of the mdustiy, since very laige 
quantities must be made available. 

(5) The essential paits of the equipment of a 
plant foi the production of synthetic ammonia 
are shown m Figuie 210 

15. The Cyanamide Process 

Ammonia can also be produced from cal- 
cium cyanamide, CaCN 2 , which is made 
iiom coke, limestone, and fiee nitrogen 

The steps involved in this process employ 
inexpensive raw mateiials but lequiie laige 
amounts of encigy The piocess may be 
dcsciibcd and explained by the following le- 
actions 

(1) Limestone is heated with coke in an electiic 
fuinace The coke i educes the limestone and 
forms calcium carbide (page 311) 

CaCOs + 4 C — CaCi + 3 CO 

(2) Calcium carbide’is heated to a temperature 
of about 1000° and mttogen (obtained from liquid 


ail) IS passed over, it This produces calcium 
cyanamide (CaCN 2 or CaNCJST) 

CaCH-Nj — >-CaCN2+C 

(3) Calcium cyanamide is then heated in auto- 
claves with steam under piessurc 

CaCN 2 + 3 H 2 O — y CaCOs -h 2 NHs 

Dming World War I, more than half of 
the nitiogen converted into compounds was 
fixed by the cyanamide pi ocess Some thii ty 
plants for the operation of this piocess were 
constiuctcd, 01 at least constiuction was be- 
gun, in this countiy during 1917-18, the 
best known of these was the government’s 
plant at Muscle Shoals, Alabama, that cost 
3580,000,000 and was designed to fix 40,000 
tons of mtiogen annually Under normal 
conditions, however, the cyanamide process 
for making ammonia cannot compete with 
either the Haber process or production from 
coal. 

In 1917, the world’s production of syn- 
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thetic ammonia by the cyanamide process 
amounted to about 200,000 tons (calculated 
as fixed nitiogcn) In the same year about 
100,000 tons of nitrogen was converted into 
ammonia by the Habei piocess In 1936 the 
fixation of niti ogen by the latter process was 
more than 1,000,000 tons while the produc- 
tion by the cyanamide piocess had increased 
to about 270,000 tons. 

The cyanamide, itself, may be used as a 
fertihzei , because it slowly reacts with water 
to produce ammonia which, in the soil, is 
eventually changed, at least in pait, into 
nitrate When so used, it is sometimes 
called “lime mtiogcn ” It is also used in 
the manufacture of certain compounds of 
nitiogen, such as the cyanides Although 
not a direct competitoi in the pioduction of 
ammonia, the cyanamide piocess is used to 
fix about 12 to 15 pei cent of all the nitiogen 
that IS conveited each yeai into useful com- 
pounds The post-wai pioducmg capacity 
of the United States is estimated as 100,000 
tons per annum 

1 6. Physical Properties of Ammonia 

Ammonia is a coloiless gas It is readily 
detected by its sharp, in dating, and suffo- 
cating odor If pure ammonia is bieathed, 
it is veiy poisonous in its effects and may 
cause death in a few minutes, but when 
gieatly diluted with an, it appeals to have 
no seiious effects Its density is a little inoie 
than half that of an , undei standard condi- 
tions, one liter weighs 0 771 g It can be 
collected, theiefore, by the upward displace- 
ment of air It cannot be collected over 
water because it is veiy soluble, one volume 
of water at 20° dissolves about 700 volumes 
of ammonia undei one atinospheie of pies- 
sure Its critical tempeiatuie is 132 4°, 
and its critical piessure is 111 5 atmosplieies, 
therefoie, it is easily liquefied The liquid 
boils at —33 4° and fieczes at —77 7° Its 
heat of vapoiization — ■ 327 caloiies per giam 
— IS greater than that of any liquid except 
water This, together with the ease with 
which it can be liquefied, makes ammonia a 


suitable substance to use in refiigcrators 
and m the manufacture of ice The concen- 
trated aqueous solution (aqua ammonia) 
contains about 28 per cent of ammonia at 
ordinary tcmpeiatures and weighs about 
09 g per cc. Liquid ammonia resembles 
water to some extent in its action as a sol- 
vent, it has a high dielectric constant and 
selves, theiefore, as a good ionizing medium 
for electrolytes 

17. Chemical Properties of Ammonia 
In some of its chemical piopeities am- 
monia also resembles watei, but the two 
compounds differ gieatly m ceitain other re- 
spects. Ammonia, for example, burns read- 
ily in pure oxygen and i educes the oxides of 
some of the metals Its chemical behavioi 
is best desciibcd by specific leactions 
(1) Ammonia leacts with the watei in 
which it dissolves to form small concentra- 
tions of ammonium and hydioxyl ions In 
this reaction ammonia acts as a base and 
water as an acid 

NHs + H2O :f± NH4+ + OH- 

The solution is lefeiied to, usually, as a solu- 
tion of the weak base, ammonium hydi oxide 
(page 438) The reaction is rcveisible, and 
if the solution is heated, ammonia escapes, 
and the leaction to the loft eventually is 
completed If an acid is added to the solu- 
tion, the hydioxyl 10 ns are converted into 
molecules of water, this causes the equilib- 
iium to shift lowaid the light, and a solu- 
tion containing the ions of an ammonium 
salt of the acid is pioduced 

NHs-i-HjO (Nrr4+-t-oir-)-i-(H+-t-ci-) — >- 

(NIId-t-Cn+HsO 

When ammonia and hydrogen cliloride aie 
mixed as gases, ammonium chloiide is pro- 
duced in the foim of a white cloud, which 
can serve as an effective smoke sciecn It is 
veiy likely that in an aqueous solution of 
aramoma some ammonium and hydioxyl 
10 ns combine by means of hydrogen bonds 
to form molecules of NH4OH 
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(2) Ammonia bums readily in pure oxygen 
to foim water and nitrogen In an the com- 
bustion IS more difficult to initiate and main- 
tain Mixed with about ten times its volume 
of ail and passed ovei a platinum gauze 
heated to 600°, ammonia is oxidized to foim 
nitiic oxide and water: 

4 NHs + 5 O 2 — 6 H 2 O -b 4 NO 

This reaction is the basis of an important 
method of convciting ammonia into nitric 
acid (page 482) 

(3) Ammonia acts as a 1 educing agent and, 
as such, it reduces the oxides of certain 
metals to the free metals Its reduction of 
hot cuiDiic oxide has been mentioned (page 
466) as a method of pioducing fiee nitrogen 

(4) The reaction of ammonia with the 
alkali metals, sodium and potassium, le- 
mmds us of the reaction of water with the 
same metals 

2 Na + 2 NHs — 2 NaNHi + 

The compound NaNHa is sodium amide or 
sodaimde, and the — NH 2 group is the amido 
or amino radical Sodamide is a substance of 
consideiablc commeicial impoitance 

Other metals displace all the atoms of 
hydrogen from the molecule of ammonia 
and form mtiides of the metals 

3 Mg 4- 2 NH 3 — MgaNj + 3 II 2 

(5) Ammonia also reacts ivith some salts 
in the same manner that watei does when 
these salts hydrolyze 

HgCh + HNIis ^ IlgNHaCl + HCl 

HCl - 1 - NH 3 — NII 4 CI 

(6) Ammonia icaets with some salts to 
foim ammoniates in the same manner that 
water forms hydrates With calcium chlo- 
iidc, for example, ammonia forms CaCh- 
SNHa 

(7) With mercury ammonia forms the 
amalgam, NHJIg, which decomposes to 
form hydrogen 

2 NIhHg — ^ 2 Hg 4- 2 NHs 4- I'L 


1 8 Complex Ions Containing Ammonia 

Many metallic 10 ns combine with am- 
monia to foim complex ions sometimes called 
ammines These substances coiiespond to 
the hydrated 10 ns produced by metallic ions 
and watei, e g , A1(H20 )g'^'', (page 465) 

They are thought to be pioduced when the 
mtiogen atom of the ammonia molecule shares its 
unused pan ot elections with the metallic ion 
(page 183) 

H 

Ag+Cl-4-2 N H — >- Ag(NHa)2+Cl- 
H 
H 

Cu'+SOr+4 N II — >-Cu(NH,)4'-+SOr 
li 

These coinjilex 10 ns aio only slightly dishociated 
(AgfNHi):'*' Ag' -h 2 NHs) 111 holulion 
Hence, the concentiation of the silvei ion is 
easily leduced to a veiy small value by adding 
ammonia to a suspension of silvei chloride in 
water It becomes so small that the solubility 
pioduct of silvei chloiide is not exceeded, and 
tins substance then dissolves completely if 
enough ammonia is added The leaction is le- 
veisiblc, if an acid is added, it reacts with am- 
monia, the silvei ion is icleased and, in the 
presence of chloiide ion, lepiecipitates as silvei 
chloiide 

AgCl ^ Ag+ -f Cl~ 

2 NH,+ -f 2 OH- 2 NH 3 + 2 HOH 
Agi -f 2NIi3 Ag(NH3)2+ 

Ag(NH 3 )i,^ Cl- 4- 2 (H+NO 3 -) — 1- 

2 (NH 4 +NO 3 -) -I- AgCl I 

1 9. Uses of Ammonia 

Ammonia is used to manufactuie other 
compounds of mtiogen Of these, mtiic 
acid is most important, but large quantities 
are also conveitcd into ammonium sulfate, 
ammonium nitiaie, aminoniiira carbonate, 
ammonium chloiide, and othei ammonium 
salts It IS also used in the liquid state in 
lefiigeiation and in the manufactuie of ice 
(Figuic 212) As “aqua ammonia” it is 
used as a cleansing agent and water softener 
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Figure 212 The Production of Ice by Means of Ammonia 
The cooling that results m the formation of jce is brought about by allowing the 
compressed, liquefied ommonia to change Into the gaseous state in the coils that 
surround the tanks in which the ice is formed The change to the gaseous state 
occurs when the liquid ammonia is allowed fo evaporate after passing through the 
expansion valve into the coils, where the pressure is lower The gas is then 
returned to the compressor and there is liqueHed again 


The use of ammonia iii the Solvay process 
iot pioducmg soda has aheady been dis- 
cussed (page 382) 

Liquid ammonia, if allowed to boil rapidly 



undci 1 educed pressure, can be used to pro- 
duce teraperatuies as low as —50° It is 
used IE this way in the quick-lreezmg piocess 
oi preserving foods 

Some of the other substances used in re- 
fngeiating units, especially in domestic oloc- 
tiic refiigeiatois, aie sulfur dioxide, methyl 
diloiide, CILCl, and dichloiodifluorometh- 
ane, C^CLFi 

20 Ammonium Compounds 

A solution oi ammonia m water contains 
ammonium and hydroxyl ions and theiefore 
acts as a weak base, it neutralizes acids to 
form ammonium salts, in which the NH 4 + 
ladical, 01 ion, acts m the same manner as a 
univalent metallic ion, such as Na^ or K+ 
When any ammonium salt is treated with 
a hydi oxide, such as NaOH, KOH, or 
Ca(OH)j, the ammonium ion of the salt le- 
acts with the hydrox 3 d ion of the hydroxide 
to foim ammonia and watei Since a portion 
ol the ammonia escapes — and all of it in 
time, especially it the mixture is heated — 
it can bo detected by means ot a moist strip 
ol led litmus paper, by its odor, 01 by its 
icaction with hydrogen chloride, with which 
it foimsa white cloud ot ammonium ehloiide 
The hydrogen chloride may be produced by 
alloivmg some ot it to vaporize from a drop 
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of concentiated hydrochloric acid that is 
suspended on the end of a stiiung rod held 
in the fumes of the escaping ammonia This 
procedure is used as a test foi ammonium 
compounds 

Ammonium salts differ from the coire- 
aponding compounds of sodium and pota&- 
sium in two lespeets (1) they aie hydrolyzed 
to a greater extent, because ammonium ion 
reacts with the hydroxyl ion of watei, while 
sodium and potassium ions do not, and (2) 
ammonium salts are decomposed easily by 
heat 

NH 4 CI — J-NHaf + HCl f 
NH4N03 NA) t + 2 IhO f 

Ammonium chloiide is used m medicine, 
as a flux in soldering, and in manutactuimg 
dry cells Ammonium sulfate is an impoi- 
tant fertilizer (page 471) Ammonium ni- 
tiate IS an explosive Ammonium carbonate 
(NIii) 2 COj, mixed wifh alcohol and aromatic 
oils, IS used as “smelling salts ” Ammonium 
carbamate, NHiCOiNHa, is produced by a 
reaction between carbon dioxide and am- 
monia It IS used as a feitihzei and in the 
manufacture of certain plastics 

21. Other Compounds of Nitrogen and Hydro- 
gen 

Hydr.igme (N 2 H 1 ) is a coloiless liquid The 
molecule may be legaided as having the stiucture 
NHj — NII 2 Hydrazine reacts with watei to 
foim a base 

mi, - NHs -h H 2 O — )■ (NII 2 - NH 3 )+ oii- 

The (NHj — NH 3 )+ ion may be regauled as a 
derivative of the ammonium ion m which one 
hydrogen atom of the NHi gioup is replaced by 
the NH 2 ladical This base neutializes acids to 
foim salts Hydiazme hyjiochloiide, foi ex- 
ample, is NH 2 — NH 3 CI 

Hydt azoic or hydrorntric acid (HNs) contains 
the univalent Ns"" ion, which le.serables somewhat 
the univalent chloudc ion The acid neutializes 
ammonium hydroxide to form the salt NH 1 N 3 
The acid and its salts aio veiy unstable and usu- 
ally decompose explosively 

Hydroxylamine, NH3O, or NH2OH, reacts with 


watei to foim (NH3 — OH)+ and OH~ ions and 
loims salts, such as liydrnxylamine hydrochloiide, 
NHjOCl, 01 (Nl-h - Oil) t- Cl- 

H II 

N H H N N N H N 0 H 
N H 
II 

Hydiazme Hydrazoic acid Hydioxylamme 

Review Exercises 

1 Why was nitiogen first regarded as “com- 
pletely phlogisticated’’ air? 

2 Why should nitrogen, winch composes almost 
80 pel cent of the an, have remained uiidis- 
coxeted until about 1800? 

3 How does nitiogen that is prepaied from an 
differ fiom nitiogen piepaied from ammu- 
miim nitntc? 

4 A steel cylmdei contains 100 hteis of nitrogen 
at 20 ° C and uiulei a pressuie of 100 at- 
mospheies What weight of nitiogen does 
the cylmdei contain? 

5 What IS the maximum weight of nitiogen 
that can be obtained by passing 24 (standaid) 
liteis of ammoma ovei cupiic oxide? 

6 Desciibe the stiuctures of the atom and the 
molecule of mtiogon 

7 How is the chemical inactivity of moleculai 
nitiogen explained? How docs “active" 
nitrogen differ fiom oidmaiy nitiogen? 

8 Uesciibe the chemical changes involved 111 
the decomposition and decay of plant and 
animal proteins 

9 What aie the two principal natiual souices 
of combined nitiogen? 

10 In what iiatui al ways is the soil em iched in 
nitrogen content? 

11 Suminaiize the tluee iiiincuial methods ol 
producing ammonia on au industiial scale 
Compaie those piooosses, showing what ad- 
vantages, il any, each has ovei the othei two 

12 State the conditions that favor the reaction 
of the Haboi piocess, and explain how a 
change in each condition affects the leaction 

13 Illustiate each ot the impoitant chemical 
properties ot ammonia by an eciuation. In 
what chemical lospects is ammonia somewhat 
like water? 
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14 How does the nitingen atom combine with 
thiee atoms of hydiogen in ioi nuug the mole- 
cule of ammonia'’ 

15 De&ciibc the cycle of mtiogoii and its com- 
pounds m natuie 

16 Why do the liych oxides of some metals dis- 
solve in a solution of ammonia'’ 

17 Describe the i eactions employed m the cyana- 
mitle piQcess foi the pindiietion of ammonia 
Why lb this piocess not used as extensively 
as the Habei pi oeesh'’ 

18 What ions and molecules aie piesent in an 
aqueous solution of ammonia'’ 

19 What \x)lume (standaicl) of ammonia can be 
produced from 100 g of calcium cyauaniide? 

20 What is sudaimde and how is it pioduced'’ 

2 1 Explain the use of ammonia in a lefugciating 
unit 

22 What (standaicl) volume of ammonia is ip- 
riuired to neutiahze one litei of 6 N sulfuiic 
acid’ 

23 A solution of ammonia (ammonium hydrox- 
ide) contains 28 per cent ol ammonia and has 
a specific giavity of 0 9 What volume of 
this solution is lequiied to piocluce 62 g of 
ammonium mtiate’ 

24 Why IS sulfuric acid, which is a good drying 
agent, not used to diy ammonia’ 

26 Gne an example of a reaction in which the 
ammonium ion acts as an acid 

26 Assuming that coal contains one pei cent ot 
nitiogen, thiity pei cent of which can be re- 
covered as ammonia, what weight ol coal is 
leqmred to pioduce 100,000 tons of ammo- 
nium suit ate’ 

27 If 100 g of ammonium chlmide is tieated 
with sodium hydioxide and the ammonia is 
lecoieied completely and coni’eited into am- 
monium nitrate, what weight of mtiic acid is 
1 equn ed’ 

28 If the ammonia is completely oxidized, in the 
piesence of platiimm, to foim mtiic oxide, 
NO, what volume of the lattei, under stand- 
aid conditions, can be produced fiom one 
liter of liquid ammonia, which has a density 
0 62 g per milliliter? 

29 Wliat (standaicl) volume of an must be used 
to pioduce the liciuid ammonia lequiied to 
fill a cylinder holding 100 liters? Assume 


that all the mtiogen of the air is converted 
into ammonia by the Habei process 

30 What (standaicl) volume of ammonia can be 
pioduced fiom 10 g of ammonium ohloiido’ 

31 Write eciuations foi i eactions that ocoui 
when 

(o) Ammonia is convcited into lutric oxide 

(b) Ammonium nitiite is heated 
(t) Calcium cyanamidc leacts with steam 
(c/) Magnesium mtiicle hydiolyzcs 
(e) Calcium hydioxide leacts with ammo- 
nium sulfate 

(/) Silver chloiicle dissolves in a solution of 
ammonium hydioxide 

(g) Calcium carbide leacts with mtiogen 

(h) Sochnm reacts with ammonia 

(t) Meicunc chloiicle icacts with ammonia 
(j) Ilychoxykmme reacts with hychochloiic 
acid 

32 State the piocedme that you would use to 
convert 

(a) Ammonium chloride into ammonium 
mtiate 

(b) Ammonium ion into ammonia 

(c) Ammonia mto ammonium ion 

(d) Ammonia mto fiee nitiogon 

(e) Ammonium chloride into free mtiogen. 
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OTHER COMPOUNDS OF NITROGEN 

The secret of chemistnj is ratha yossible than 
impossible Its mysieties ate onli/ tevealed by dint 
of Imid woiL and iemwiiy Bid what a triumph 
when vum is able to raise a cot nor oj the veil which 
covets natiiie 

RIIAZEb 


1. Introduction 

Thcio lue many componnds of nitiogcn 
and, of tlie&G, a lat(>e numlmi belongs to 

01 game chemisti y In Uus (diaptei , hon ovei , 
Ave shall confine oui study to the oxides, the 
acids that contain oxygen, and to the salts 
of these acids — the nitrites and the nitialcs 
At the close ot the chapter we shall also dis- 
cuss a few of the compounds containing the 
cyanide, — CN, gioiip 

OXIDES AND OXYGEN ACIDS OF 
NITROGEN 

2 Nitrous Oxide 

This oxide of nitiogen is a coloiless gas 
at oidinaiy tcmiieiatuies It can be pie- 
paied by caiefully heating ammonium ni- 
trate 

NHiNO, — N 2 O t -H 2 II 2 O 


II the heating is vciy vigoious, ammonium 
mil ate may decompose explosively The 
gtus is usually collected ovei waiin water 

NiLious oxide is an endotheimic com- 
pound 

2 NaO — 2 Ns + O 2 + 39,300 caloiics 

It IS, consequently, unstable and acts as a 
vigorous oxidizing agent A glowing splint 
mil buist into flame 111 an atmospheie of this 
gas almost as readily as in puic oxygen 
This oxide may be icgaided as the anhydiide 
of the unstable and explosive hypomtious 
acid, H2N2O2 

Sii Humphiy Davy discoveied the pccul- 
iai, cxhilaiating and intoxicating effects of 
nitious oxide It is called laughing gas, 
because ot the hysteiical laughtei that it 
causes, although sometimes the hystciia may 
be manifested by weeping instead of by 
laughter Dentists and suigeons use it 


TABLE 27 


Oxides of Nitrogen 


Name 

Formula 

Physical Properties 

Nitrous oxide 

NoO 

Colorless gas, boiling point —90° 

Nitric oxide 

NO 

Colorless gas, boiling point —154° 

Nitrogen trioxide 

N 2 O 3 

Blue liquid, boiling point 3 5° 

Nitrogen dioxide 

NO 2 

Red-brown gas, at 21 3° and lower, a color- 
less gas N 2 O 4 , or a light yellow liquid 

Nitrogen pentoxide 

N 2 O 6 

White solid, melting point 30° 
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in minor &ui gical cases as an anesthetic that 
IS pleasant, quick in its action, and without 
haimful attci -effects. When so used it 
must be mixed ivith oxygen, which it cannot 
leplace in meeting the body’s requnement, 
although it IS a vigorous oxidizing agent It 
IS not oxidized by oxygen, iindei oidinary 
conditions, to any of the higher oxides, such 
as NO 

3 Nitric Oxide 

Small quantities of this oxide aie produced 
from the oxygen and nitiogen of the an 
during thimdei storms, a natuial nitiogen- 
fixation process It was first prepared by 
Henry Cavendish, who subjected a mixture 
of the two elements to an electrical discharge, 
which acted in the same mannei as lightning 
flashes during a stoim It has also been 
made — on an industiial scale — ■ by a simi- 
lar reaction in which a mixture of oxygen 
and nitrogen is passed through an electric 
arc, this leaction is the basis of the arc 
process, which was once used to a limited 
extent to manufacture nitric acid from air 
It is also pioduced by the oxidation of am- 
monia in ail and in the presence of a plati- 
num catalyst (page 482) ; this reaction is the 
first step m the production of nitiic acid 
from ammonia, a process to which we shall 
letuin a little later In the laboratory, nitiic 
oxide can be prepared most easily by allow- 
ing dilute (about 6 N) nitiic acid to act upon 
coppei 

8 (H^ + NO 3 -) -h 3 Cu — >• 

3 (Cu+^■ -h 2 NO,-) + 2 NO -f 4 IW 

Nitiic oxide IS a colorless gas and is only 
slightly soluble in water Its most important 
chemical property is its reaction with oxygen 
to form nitrogen dioxide 

2 NO -h O 2 2 NO 2 . 

It act.s, thorcfoic, as a 1 educing agent It 
may also act as an oxidizing agent, but it is 
much moie stable than nitrous oxide It 
extinguishes a burning splint of wood and 


also burning phosphorus, unless the latter is 
burning very vigoiously 

4. Nitrogen Trioxide 

This oxide is the anhydride of nitrous acid 
(HNO 2 ) It can be prepared by treating a 
salt of nitrous acid with sulfuric acid The 
acid IS liberated and decomposes, under ordi- 
nary conditions, into water and a mixture of 
two gases, NO 2 and NO, which escape as the 
mixture is warmed When a mixture of 
these two oxides is cooled to —21°, a blue 
liquid IS produced, and this has a composi- 
tion corresponding to the formula N 2 O 3 
At higher temperatures, nitrogen trioxide 
and its decomposition pioducts, NO and 
NO 2 , aie probably m equilibrium 

NjOs :i=2: NO + NO 2 

At loom temper atuie this equilibiium is 
probably displaced almost completely toward 
the light 

5. Nitrogen Dioxide 

This oxide can be prepared by allowing 
concentrated mtiic acid to act upon coppei 

4 (H+ + NO 3 -) + Cu — t- 

(Cu^ + 2 N03~) + 2 NO 2 t H- 2 I-hO 

It IS also prepared by heating the nitrate of a 
heavy metal, such as lead 

2 Pb(N03)2 — 2 PbO -h 4 NOa + O 2 

Nitrogen dioxide is produced on an industrial 
scale by allowing nitnc oxide to react with 
the oxygen of the an 

The compaiison of the action of concentrated 
nitiic acid upon coppei and of the dilute acid 
upon the same metal is inteiestmg There are 
several possible explanations of why NO is 
hbeiated m one case and NO 2 in the other If 
NO IS foimed in both cases (and this appears to 
be the likely conise of the reaction), it is oxidized 
to NO 2 by the excess of concentiated acid If 
NO; IS loiiiied in the case of the dilute acid, it 
may react with the excess of watei to produce 
nitric acid and NO, 3 NO; + HjO — >- 2 HNOs + 
NO Just what does happen in eithei case is not 
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entirely established, but these suggestions are 
plausible 

At tempeiatuics above 600 °, nitiogen 
dioxide dissociates into nitiic oxide and 
oxygen At about 150 °, the density of the 
gas coi responds to the formula NO2 At 21 ° 
and lower, the foimula appeals to be N2O4 
Between 21 ° and 150 °, the gas appears to 
consist of a mixture of 1^02 and N2O4 
The oxide, N2O1, is a polymer of NO2 This 
name is applied, geneially, to compounds 
whose molcculai weights aie multiples of the 
molecular weight of the simplest foim of the 
compound The oxide, N2O4, is called 
nitrogen tetroxido 

Nitrogen dioxide is very poisonous It 
acts as an oxidizing agent, but suppoits 
combustion only TOth difficulty and at fairly 
high tempcratuies It is also a reducing 
agent, since it can be converted into nitric 
acid and the nitiates ’'the most impoitant 
property of NO2 is its leaction with water 

With cold watci H2O + 2 NOa — y 

(H+ + NO2-) + (H+ + NOr) 

With warm water H2O + 3 NO2 — >- 

2 (ff + NO3-) + NO 

6. Nihogen Pentoxide 

This oxide is the anhydride of nitric acid 
It IS a white ciystalllne solid It may be 
produced by dehydrating nitric acid by 
means of phosphoius pentoxide 

4 HNO3 + PiOio — 4 HPO3 + 2 NjOe 

7. Nitrous Acid and the Nitrites 

Nitious acid has nevei been prepared in 
the pure state We assume, howevci, that 
it is formed whenever a mixtuie of NO and 
NO2 IS passed into water (page 480 ) or, 
along with HNO3, when NO2 is passed alone 
into cold watei The solution thus produced 
appears to contain such an acid, because 
when it is neutralized with NaOH and the 
solution IS evaporated, crystals of sodium 
nitrite (NaNOs) are obtained Whenever an 
acid is added to a nitrite, we may assume 
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Figure 2I-4 The Preparohon of NIfric Acid m fhe 
Laboratory 

Sodium nitrate and sulfuric acid are heated in the retort 
Pure nitric acid is condensed in the neck of the retort 

that the hypothetical acid, HNO2, first foims 
and immediately decomposes 

3 HNO2 — H H2O + 2 NO t + (H+ + NO3-) 

Sodium and potassium nitiites are the 
most important salts of this acid They 
are used as laboiatoiy reagents and in the 
manufacture of ceitain 01 game chemicals 
and dyes. 

Sodium nitrite is piepared by passing a 
nuxture of NO and NO2 into a solution of 
NaOI-I, by heating sodium nitiate at a tem- 
peiature above the melting point, and by 
heating sodium nitiate with metallic lead 

NaNOs + Pb — PbO + NaNOa 

8, The Production of Nitric Acid from Sodium 
Nitrate 

The most convenient method of pioducmg 
nitric acid in the laboratoiy involves the dis- 
tillation of a mixture of sodium nitiate and 
concentrated sulfuric acid 

NaNO, + HaSO,! — NaI-IS04 -t liNOa f 

This reaction is similar to the one used to 
produce hydiochloric acid from sodium 
chloiide In the maniifactuie of nitric acid, 
however, the second step, in which sodium 
bisulfate reacts with more sodium nitiate, is 
not earned out because it icquires a fairly 
high temperature at which nitric acid de- 
composes. Until quite recently, almost all 
nitric acid was made from sodium nitrate, 
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Figure 215 Nitric Acid Plant 

The charge of sodium nitrate and sulfuric acid is added through A B is the retort, C is a trap to catch the overflow from 
the retort, D is a tower containing quartz chips over which the nitric acid that is condensed in the tube condensers flows, in D 
the rising fumes of hot nitric acid remove the oxides of nitrogen that are present in the condensed acid The last traces of 
HNOi are absorbed in the tower G by water which flows over the quartz chips with which the tower is filled 


but this piocess has now been replaced vciy 
laigely by piodiiction fioin ammonia In 
lactj sodium nitiate supplies only about 8 
pel cent of the total woild’s pioduction of 
about 3,000,000 tons of combined nitrogen 
The ebsential paits of a nitiic acid plant using 
this leaction aie shown m Figuie 215 The 
nitric acid is distilled from an iron letoit 
undei 1 educed pressure in ordci to avoid 
decomposition The acid is condensed m 
tubes made of glass, silica, oi Duriron, which 
resist the action of the acid The solution 
of the acid obtained in this manner may be 
concentrated by mixing it with concentrated 
sulfui 1 C acid and i edistillmg Niti ogen diox- 
ide may be lemovcd by bubbling an through 
the acid The decomposition of the acid is 
accelerated by light, hence, concentiated 
nitiic acid winch is stoied in colorless bottles 
and exposed to the light usually has a brown 
color due to the presence of NO 2 

9 Production of Nitric Acid from Ammonia 

This lb .sometimes called the Ostioald proc- 
ess of producing nitric acid The piocess de- 
pends upon the oxidation of ammonia by air 
in the piesence of a catalyst, usually plati- 
num The air is filteied and foicocl by a 
pump into the reaction chambei, wheie it i.s 
mixed Mith ammonia in the latio, by vol- 


ume, of about ten to one The mixture of 
gases then passes ovci the catalyst, which is 
a platinum gauze This gauze is heated to 
about 700° m the beginning by means of an 
electuc CLinent, but the icaction, when it is 
once staited, hbciatcs sufficient heat to 
maintain the required tempeiatuie In fact, 
caie must be taken to prevent the temper a- 
ture fiom becoming too high, because the 
reaction is exotheimic and thciefoie is not 
favoicd by high temperature 
The following leaction occuis in the cham- 
ber containing the catalyst 

(1) 4 NII3 + 5 O2 — 6 H.O + 4 NO 

The pioducts of oxidation next pass through 
a chambei where they come into contact 
with pipes cariying an on its ivay to the 
pump and the chamber containing the cata- 
lyst Heie the gases — containing NO — 
aie cooled, and the air in the pipes is heated 
befoic it comes into contact with the cata- 
lyst The mixtuie containing nitiic oxide is 
cooled still further by passing it thiough 
anothci chamber containing pipes thiough 
which cold water is flowing The cooled 
nitnc oxide then reacts with more oxygen 
to form mtiogen dioxide 

(2) 2 NO + O2 — 1- 2 NO2 
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Figure 216 An Oxidation Unit for the Conversion 
of Ammonia into Nitric Acid 


The nitrogen dioxide then passes into an 
absoiption lowei, ivheie it reacts nith waim 
watci as follows 

( 3 ) 3 NOj + H»0 — >- 2 ( 11 + + NOr) + iXO 

The iiitiie oxide lesulting tiom this icaction 
IS ictuincd to the piocess (2) and again con- 
vcitod into NO2 Sometimes this mtiic oxide 
IS mixed wii,h an and conveited diiectly into 
nitiates by passing it into a solution of a 
base, such as NaOH 01 Ca{OH)2 (in suspen- 
sion), 01 by alloiving it to icact upon a mix- 
ture fflf limestone and water 


2 (Ca-H- -h 2 0 H-) -t- 4 NO + 3 O2 — > 

2 (Ca^ + 2 NOs"') + 2 H2O 

4 NO + 3 O2 + 2 CaCOs — ^ 

2 (Ca++ -b 2 NO3-) -b 2 CO2 t 

The solution of nitiic acid pioduced in this 
piocess contains about 60 per cent of UNO,, 
It is turthei concentrated by being distilled 
fiom a mixture with sulfuuc acid Coupled 
mth the liabei piocess for pioducing am- 
monia, the Ostwald process has solved the 
problem of obtaining nitiic acid iiom the 
nitrogen of the atmospheic Almost all the 
nitiic acid used m the United States is pio- 
duced m this way 

10, The Physical Properties of Nitric Acid. 

Wlien mtiie acid is pure, it is a coloiles^ 
liquid, whicli has a density of 1 50 g pei cc , 
boils at 86°, and heezes at — 42 ° The con- 
stant boiling aqueous solution (b p 120 5 °) 
contains 68 pei cent ol HNO3 and has a den- 
sity oi I 4 g pel cc This is the ordinal v 
concentiated nitric acid used in tlu' hiboia- 
tory and m the mdustiies This solution 
dissolves the oxides of nitiogen, espcciallv 
NO2, and foims a blown solution, called 
fuming mine acid This solution fumes in 
the ail, IS less stable, and leacts moie vigoi- 
oubly as an oxidizing agent than the 01- 
dmaiy concentiated solution It contains 
about 96 pel cent ol HNO3 

1 1 The Chemical Properties of Nitric Acid 

Chemically, mtiic acid acts as a stioug 
acid and a vigorous oxidizing agent As an 
acid, its degree of ionization is about the 
same as that ol hydiochloiic acid, it is, 
thciefore, one of the stiongest acids As an 
oxidizing agent it leacts with many sub- 
stances sultui IS o.xidized by it to sullui 
dioxide 01 to sulluuc acid, carbon icacts with 
it to foim caibon dioxide, and a piece of ig- 
nited chaicoal continues to bum when placed 
m the concentiated acid, phosphoius is con- 
verted into phosphoric acid, hUPOi 01 IIPOj, 
and iodine is oxidized to iodic acid (page 
372 ) The gorieial lichavioi ol the pine acid, 
lathei than ol its aqueous solution wath 
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which we are more faimliai, indicates that 
its structural foi inula is 

H 6 N 0 
0 

Some of the most important reactions of the 
compound aie descnbed in the sections that 
follow 

1 2. Action upon Metals 
Nitiic acid leacts with most metals, 
platinum, gold, and a few of the rarer metals 
aie exceptions In this lespect it differs 
horn hydiochlonc acid, which leacts only 
with the metals above hydiogen in the 
electrochemical senes Nitiic acid leacts 
Avith the less active metals because of its 
piopeities as an oxidizing agent, whereas in 
solutions of hydrochloric acid the metals 
can only displace hydiogen 
When model atcly dilute — let us say 6 N 
— nitiic acid reacts with copper, the nitio- 
gen IS reduced fiom a valence number of 5 
to one of 2 , and mtnc oxide is foimed 

3 Cu + 8 (H+ + NO 3 -) — > 

3 (Cu-^^- + 2 NO 3 -) + 4 HjO + 2 NOf 

If concentiated mtnc acid is used, nitrogen 
dioxide IS produced instead of nitiic oxide, 
mtnc oxide, however, may be foimed first, 
but if it IS foimed it is later oxidized to the 
dioxide by the excess of acid We cannot be 
ceitam that this is the exact couise of the 
reaction, it is possible that the dioxide is 
formed directly The ultimate reaction of 
copper and concentiated mtnc acid is lepre- 
sented by the equation 

Cu + 4 (H+ + NO 3 -) ^ 

CCu++ + 2 NO 3 -) + 2 H 2 O + 2 NO 2 1 . 

It is often impossible to predict the final valence 
number of the nitrogen when the acid acts upon 
the moie actii e inetals, such as zme or aluminum 
The nitrogen may appear among the pioducts of 
the reaction as NO 2 , NO, N 2 O, N 2 , NII3, 01 
N'H4N0j If nitrogen trioxide should be foimed, 
it decomposes into NO and NO 2 In geneial, 
the gi eater changes in valence ncoui when dilute 


nitiic acid and an active reducing agent react 
With more concentrated acid and a less vigoious 
reducing agent, the product is moie likely to be 
NO 01 even NO 2 . With zinc, for example, the 
usual reaction is 

aZn+Sfll+TNOs'') — >- 

3 (Zn++ + 2 NO 3 -) + 4 H 2 O + 2 NO f 

If the acid IS dilute, any 01 all of the following 
reactions with zinc may occur 

(1) 4 Zn + 9 (H+ + NOj“) >- 

NH 3 + 4 (Zn++ + 2 NOs"-) + 3 H 2 O 
NH 3 + (H+ + NO 3 -) — >- (NHi+ + NO 3 -) 

(2) 4 Zn + 10 (H+ + NO 3 -) — >- 

4 (Zn* * -|- 2 NO 3 ) "H 5 H 2 O 4- N 2 O ^ 

(3) 5 Zn + 12 H+ + NOs"-) — >■ 

5 (Zn++ + 2 NO 3 -) + 6 H 2 O + N 2 1 

The reaction of mtnc acid upon metals above 
hydiogen in the electiochemical series usually 
does not result m the libeiation of hydrogen 
Some hydiogen may be set fiee dining the course 
of the leaotion, 

Zn + 2 (H+ + NO 3 -) — >• (Zn++ + 2 NO 3 -) + Hj, 

but unless the mtnc acid is veiy dilute, this hydio- 
gen IS oxidized to watci befoie it has an oppor- 
tunity to escape This is especially likely to 
occui since the hydiogen is libeiatcd m the 
atomic foim 

10 (H) -b 2 (H+ H- NO 3 -) — 6 H 2 O -f N 2 , 01 
6 (H) + 2 (H+ + NO 3 -) ^ 4 H 2 O + 2 NO 

Undei oidmary conditions, mtnc oxide is usually 
produced 

13 Action upon Hydrochloric Acid 
Nitiic acid oxidizes hydiochlonc acid to 
foim free chlorine, water, and an oxide of 
nitrogen, usually NO, accoi cling to the gen- 
erally accepted explanation, the reaction is 

6 (H+ -b C1-) -h 2 (H+ -b NO,r) — 

2 NO + 4 II 2 O -b 3 CI 2 

The chloiine is liberated m the atomic foim 
and reacts very vigorously upon metals and 
other substances. Some of the chlorine 
leacts with mtnc oxide to loim mtrot,yJ 
chloride (NOCl) 

2 NO -h 2 (Cl) 


2 NOCl 
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The formation of this compound casts some 
doubt upon the validity of the equation 
shown above to explain the leaction of the 
two acids 

A mixture of one pait of nitric acid and three 
parts of hydiochloiic is often called aqua legrn 
(royal water). This name was fiist used by the 
alchemists, because the mixtuie of acids dissolves 
gold, platinum, and othei “noble” metals, which 
are not affected by either acid alone The effect 
of aqua legia upon these metals piobably is the 
losult of the action of atomic chloiine that is 
liberated by the leaction of the two acids, al- 
though this question has not been answeied 
definitely. Chlorine converts the metals into 
chloiides, A11CI3 and PtCh, which may combine 
with molecules of hydrogen chloiide (01 hydrogen 
plus chloride 10ns) to form complex acids HAuCU 
and HoPtCh 

14 Action upon Organic Compounds 

We shall descube, at this point, two of the 
ways m which nitiic acid acts upon ceitam 
01 game compounds 

(a) Certain Com-pounds Containing Hy- 
droxyl Radicals Nitric acid leacts with 
these compounds to f 01 m niti ates A typical 
loaction of this kind is the lormation of 
nitroglycerine when concentiated nitric acid 
icacts with glyceime (This leaction is ex- 
tremely dangerous and should never be at- 
tempted by the student ) 

CaHsCOHla + 3 HNO 3 — 

(glycerine) 

3 H2O + CdieCNOs), 

( nitiotrivcerme’') 

The pioduct is called nitioglycerine eiione- 
ously since it is 1 cally a mti ate Its scientific 
name is glycer yl (Calh) nitr ate In the manu- 
lacturing piocess a mixture of concentiated 
nitiic and sulluiic acid is used, the latter to 
combine with the watei that is pioduccd 
If the Avatei weie not removed it would ac- 
cumulate and dilute the nitiic acid and the 
glyceime, thus slowing down the leaction 
Its lemoval aids m the completion of the 
leaction 

Nitroglycerine is a liquid of extremely 
explosive charactei It decomposes, when 


warmed or when jarred, into gases, such as 
caibon monoxide, nitrogen, oxygen, and 
watei vapoi The expansion accompanying 
the explosion amounts to an increase in vol- 
ume of almost 100,000 times the volume 
occupied by the liquid 

Dynamite consists of nitioglyceime ab- 
soibed m some inert mateiial, such as saw- 
dust 01 diatomaceous earth (page 533 ) 
Sometimes ammonium 01 sodium nitrate is 
added It is less sensitive to heat and jar 
than pure mtioglyceiine and is consequently 
safer to use as an explosive 
Nitiic acid acts in a similai manner upon 
cellulose and stai ch to form nitrates of these 
substances The reactions are similar to 
that used in making glyceryl nitiate, since 
starch and cellulose, both of which are 
represented by the empmcal foimula 
(CoHioOb)*, contain the OPI ladical in their 
molecules The nitrates of these compounds 
are also explosives With cellulose (of cotton 
01 wood) the icaction is as follows 

(C«H702f0I-I)3)2 + 6 HNOs — 

Ci2Hi40i(N03)i1 + 6 IhO 

This nitrate of cellulose is called gun cotton, 
“Smokeless powdei” is made fiom it It 
the action of the nitric acid is allowed to 
piocoed until only three or tour nitiate 
ladicals are mtioduced, a non-explosive 
substance called pyroxylin is termed This 
substance is the basis of the pioduction of 
lacqueis, aitificial leather, pyialm, photo- 
giaphic film, aitificial silk, and othei sub- 
stances Gelatin dynamite contains nitrated 
cellulose and nitioglyceime 
(h) Benzene and Related Compounds 
Nitric acid leacts with ceitain compounds of 
carbon and hydrogen, and with some dciiva- 
tives of such compound, s, to pioduce .sub- 
stances containing the nitro gioup — NO3 
We shall illu.stiute this type of leaction by 
using benzene. Colie, and ceitam substances 
related to it With benzene, itself, nitne 
acid leacts as follows 

Colic + HONO 3 H 2 O + CcHsNOo 

(benaene) (nitrobenzene) 





Figure 217 Use of Explosives In Peacetime 

The torrential rush of the current of the Saguenay River in Canada balked successive attempts to complete a cofferdom 
The dam was built out of water, standing on end upon one bonk of the river It was then put into place by exploding one 
thousand pounds of dynamite In |usf the right spot to blow away the supports holding the dam upright 


Courtesy of du Pout Company 

Figure 218 Mixing Machine in which Pyroxylin is mixed with Camphor and Solvents to Make Pyralin 
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Figure 219 Smokeless Powder 

SpaghetU-like ropes of powder from one of the presses of a large Ordnance Plant At this stage the powder 
is plastic Later it is cut into cylindrical “grams ” 


The product, called mtrohenzene, is not a 
mtiate, since it does not contain the nitiate 
(NO 3 ) ladical The benzene molecule sup- 
plies a hydrogen atom, and the acid supphes 
the hydroxyl radical (Oil) m forming a 
molecule of watei This is chttetent fiom the 
leaction of glycerine, which supplies the 
hydioxyl ladical instead of the acid 

Toluene (01 toluol) (CoHdCHs) reacts with 
nitric acid to foim the explosive, Innilto- 
toluene (T N T ) 

CoHsCHa + SIiONOa— )- 

CJi2(N02),CH3 d- 3 H 2 O 

(tiiniti utoluenc) 

With phenol (CoIisOIi), which is called car- 
hohe acid, Innih ophenol oi picric acid is 
produced 

CsHjOhl-l-SHNOs^ 

CcH 2 (N 02 ) 30 H -1- 3 H 2 O 

(picric acid) 


Piciic acid IS a yellow solid which is used 
as an explosive The compounds of piciio 
acid in which certain metals leplace the 
hydrogen of the OH ladical are extremely 
unstable It is also used as a yellow dye and 
in the treatment of bums 

1 5. Uses of Nitric Acid 

Nitric acid is used both as a strong acid 
and as an oxidizing agent Its use id the 
manufacture of explosives and various cellu- 
lose mtiate pioducts has been mentioned in 
the pieceding section It is also used m the 
manufacture of many dyes and drugs The 
nitrates of the metals, many of which are 
pioduced directly from nitiic acid, also have 
many uses 

1 6 The Nitrates 

The mtiates aie produced by the action 
of nitiic acid upon the metals oi upon metal- 
lic oxides and hydroxides All the nitrates 
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of the metals are soluble in water, although 
some of them may hydiolyze to form basic 
salts which are slightly soluble' 


+ 3 NO3') + H2O ^ 

B1ONO3 1+2 (H+ + NO. 


-) 


When the nitrates are heated, they are de- 
composed Upon the basis of the pioducts 
which they foim when heated, the nitrates 
may be divided into the following classes 

(1) Those which decompose to give the oxide 
of the metal Tliis list includes the mtiates of 
the hea-vw metals, 

2 CuCNOsh — )- 2 CuO -h 4 NOj f + O 2 f . 

(2) Those which decompose to give oxygen 
but no oxide of nitrogen These nitrates form 
nitrites ot the metal 

2 NaNOa — 2 NaNOj -)- O 2 f . 


(3) Those which undeigo more deep-seated 
decomposition Ammonium iiitiate decomposes 
to give nitrous oxide and water vapot Some of 
the mtiates of oigame compounds, such as 
glyceiyl mtiate, decompose explosively, foim- 
ing water, nitrogen, and oxides of cailion and 
mtiogon 

(4) Some of the mtiates of organic compounds 
bum, without decomposing, when ignited m the 
presence ot an This is true, foi example, of 
pyioxylin 

Nitiates are valuable fertilizers The 
most important of those used for tlus pur- 
pose aie calcium, sodium, and potassium 
nitrates Ammonium mtiate mixed with 
powdered aluminum forms the explosive 
ammonal With tiinitiotoluol, it foims the 
powerful explosive amilol 

17 Test for the Nitrate Ion 
The usual test ioi the mtiate ion uses a 
solution oi teiious sulfate (FeSOi) and con- 
contzated sultuiic acid A fleshly piepaied 
solution of feiious sulfate is placed in a test 
tube, and then 2-3 ml of concentiated sul- 
furic acid aie added, by means of a pipette, 
at the bottom of the tube, so that the ferrous 
sulfate solution is floated on the acid (Fig- 
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ure 220) The two liquids should not be 
mixed One 01 two ml of the solution to be 
tested for the nitrate ion is then added to the 
upper solution If a nitrate is present, it 
will react with the sulfuiic acid at the junc- 
tion of the two liquids to form nitric acid 
This substance, in turn, oxidizes a portion 
of the ferrous ion to ferric and releases mine 
oxide m the pi ocess The nitric oxide reacts 
with ferious sulfate to form the broAvn com- 
pound Fe(NO)SOi Since this compound is 
formed only at the junction of the two 
liquids, it gives a brown ring at this point 
This brown compound decomposes upon 
healing,' hence the test must be made ar low 
tempcratiucs Any other ion, such as ni- 
tiite, biomide, or iodide, that reacts with 
sulfuiic acid to give a coloied product intei- 
feiea with this test 

The equation foi the reaction involved m 
this test is 


3Fc-H- + NOr + in+— 4- 

3 + NO + 2 H2O 


CYANOGEN AND RELATED COMPOUNDS 
1 8 Cyanogen (CN )2 

The compnimd called cyanogen is somewhat 
like cMoiine in a chemical sense. It reacts, foi 
example, with potassium and sodium to form 
potassium 01 sodium cyanide, just as chloiine in 
■similai reactions forms the ohloudes 


2K:-|- (CN)2- 
2K+Cb ■ 


■ 2 TiCN 
■2KC1. 



Figure 220 Test for Nitrate Ion 
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It IS produced by heating mercuric cyanide 
This leaction is similar to the decomposition of 
mercuiic oxide. 

Hg(CNh^Hg-|-(CN)2 

It can also be pioduced liy means of an electiical 
dischaige between caibon electiodes in an 
atmosphere of nitiogen 

Cyanogen is a coloiless gas which possesses an 
odor lemimscent of the keincls of peach seeds 
It burns to produce fiee mtiogon and carbon 
dioxide It is an extremely deadly poison. 

19 Hydrocyanic Acid (HCN) 

This substance, commonly called prusm citid, 
is made by ti eating cyanides of the metals witli 
sulfuric acid 

(Na+ + CN-) + (2 1-I+ + SOi^) — )- 

HCN t + (Na+ + HSOr) 

The hydrogen cyanide produced by this reaction 
IS volatilized and the vapors are condensed by a 
freezing mixture The acid is produced m natuie 
from a substance called amygdahn, which is found 
in peach Iceinels, bittei almonds, and several 
othei plant pioducts Amygdahn, itself, is not 
poisonous, but in many plants there is an enzyme 
called emuhin, which acts upon amygdahn caus- 
ing it to hydrolyze Beiizaldehyde, glucose, 
and hydrogen cyanide ai e pi oduecd Thi,s cliange 
occurs when the material is ciushed and water is 
added It may be prevented if the iiiateiial is 
heated to dosti ny the enzyme 

Hydrogen cyanide is a coloiless liquid below 
26° It dissolves readily in water and its solution 
possesses the pinpeities ot a weak acid The 
salts of the acid (NaCN, Ca(CN) 2 , etc ) are 
called cyanides Those substances hydiolyze 
veiy readily to hbeiate HCN Botli the acid and 
its salt.s aie extremely poixonous, and when taken 
in even small amounts cause almost instant 
death 

Hydrogen cyanide is used as an insecticide 
Its use should never be undei taken witlimit great 
pieoaution and then only by persons exppiicnced 
in its use It IS used in some states of the United 
States to execute oiiminals who have been sen- 
tenced to die The salts of the acid, paiticulaily 
finely dnidccl calcium cyanide and sodium cya- 
nide, aie used as msGoticides and to destioy 
rodents, piaiiie dogs, and other small animals 

Solutions of sodium and potassium cyanides 


dissolve gold and silver, forming NaAu(CN )2 and 
NaAg(CN )2 For this reason these salts are 
used m extracting gold and sih^ei fiom ores in 
winch the metals occui in the free .state The 
same reaction is often used m cleaning gold and 
silveiwaie The articles aie dipped in a dilute 
cyanide bath, which removes the tarnished layer 
of the metal 

Sodium cyanide can be prepared directly from 
the nitrogen of the air by the following reaction 

Na.COj -h 4 C + N 2 — >- 2 NaCN + 3 CO. 

It IS also pioduced by heating calcium cyana- 
mide with caibon and sodium carbonate (page 
474) 

CaCN, + C + Na^COi — >- 2 NaCN + CaCOj 

20 Cyanic Acid and Cyanates 

The oxidation of potassium cyanide yields po- 
tassium cyaiiate, KOCN, 01 K - 0 = C = N 
Ammonium cyanate, NHiOCN, will be recalled 
(page 162) a,s tlie substance from wduch Wohler 
produced urea, tlie fiist of many successful syn- 
theses of orgamc compounds by organic chemists 
In ])otassmm and ammonium sail 0 cyanates, 
ICSCN (K - S = C = N) and NIBSCN, sulfui 
leplaecs oxygen Tlie snlfoovanate ion (RCN“) 
IS useful m the detection of feme ion (Fe++'*'), 
these ions form a red compound even m extremely 
dilute solutions. 

21. Complex Cyanides 

Feirous cyanide foirns as a precipitate when a 
solution of a feiious salt is tieated with sodium 
01 potassium cyanide When an excess of the 
aUcali cyanide is added, the precipitate dissolves 
because it is convei ted into sodium 01 potassium 
jenocyamde, KiFc(CN)6 

(Fe " + HOr) + 2 (K+ + CN-) — >■ 

Fe(CN).. I + (2K^+ S04=) 
Fe(CN) . -I- 4 (K+ + CN') — >- 

(4K^-1- Fe(CN„-^) 

The feiiocyanides of sodium and potassium aie 
usually pioduced lioni by-pioduets obtained in 
the destructive distillation of coal In the gas 
that escapes duiing the distillation, a portion of 
the nitrogen of the coal is present as hydiogcn 
ej'^amde II the gas is passed over non oxide, 
the liydiogen cyanide is oonvoited into the cya- 
mde of iron from which, fiist, calcium fenocya- 
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nide, and eventually sodium oi potassium ferro- 
cyanide, is piodiiced The feiiocyamde ion. 
(l''e(CN)(!“'‘) IS used as a test for feme ion with 
which it foims a daik blue piecipitato (Pmssian 
blue) This substance is feirie feu oeyanide, 
Fei[l'e(CN)c ]3 Fenocyanides aic easily con- 
veited into feiiicyanides by using ohloimc as an 
oxidizing agent 

2 (4K+ + Fe(CN)r') + Ch — h 

2 (3 K+ + Fe(CN)r') + 2 (K+ + Q-). 

The foiiicyanide ion, Fe(CN)^^ contains tiiva- 
lent lion This ion is used to detect the presence 
of feiious 1011 , with which it foims a daik blue 
precipitate (Turnbull’s blue) 

Review Exercises 

1 Write equations to show how 

Ammonia is converted into nitiic oxide 
Nitiio acid IS conveited into ammonia 
Nitiic oxide IS converted into nitric acid 
Sodium mtiate is conveited into sodium 
nitrite 

2 What does the term pob/nicr mean’ Guean. 
example of polymerization Suggest some 
ditfeience between polymeric and allotiopic 
forms of substances 

3 Wiite equations to show what hajipeiib when 

Ammonium lutiate is heated 
Calcium cyanamide leacts with steam 
Cupiic iiitiate is heated 
Kitiic acid acts upon HjS 
Nitiic acid oxidizes fciious sulfate to leiric 
sulfate in the pie^ence ot ITSOi 
Calcium hydroxide leacts with ammonium 
sulfate 

4 Illustrate by appiopiiate equations the chem- 
ical propel ties of nitiic acid 

5 What xmlume of coinmeioial (concentiatcd) 
iiitiic acid can be propaied fioin 50 kilogiams 
of sodium nitiate’ 

6 What volume (standaid conditions) of ni- 
tious oxide can be piepaied tiom 100 g of 
ammonium nitiato’ 

7 Why IS metallic zinc moio likely to i educe 
mtiio acid to aimiioiiia than ineUllic coppei’ 

8 What xolume ul concontiated iiitiic acid 
could be piepaied by the Oatxvald piocess 
fiorn 10 (standard) liteis of ammonia’ As- 
sume that 90 pel cent of the ammonia is 
oxidized and that all othei leaetions aie 
complete 


9. Identify the following laughing gas, NjOe, 
mtiogen teti oxide, nitrous acid, pyioxylin, 
aqua legia, amitol, KCN, (CNla, Ca(CN) 2 , 
nitiosyl chloiide, nitroglyeenne, picric acid, 
CoHafNOalaCHs. 

10 Show by equations two ways in which nitric 
acid may leact xvith ceitain organic com- 
pounds, using glyceime and benzene 

11 Assuming that a yield of 100 per cent can bo 
obtained, what weight of pure hydiogen 
nitiate can be produced from 10 liters of 
liquid ammonia (sp gi , 0 62) by the Ostwald 
process’ If this mtiic acid is dissolved in 
water, xvhat volume of concentrated nitric 
acid can be produced’ 

12 Pine iiitious acid has iievci been piepaied 
W'hat facts lead us to bcliex'e that this acid 
may exist, momcntaiily at least, in certain 
solutions’ 

13 W^hat IS the u eight of mtiic acid in one liter 
of 6 N solution’ 

14 If all of the clilonne is made available, what 
weight of am 1 C chloiide, AuClj, can bo pro- 
duced fiom the clilonne contained in 10 
liteis (btandaid) of hydiogen chloiide (gas)’ 

15 One of the oxides of mtiogen contains 03 64 
pel cent of mtiogen Which of the oxides 
is It’ 

16 What (standard) volume of nitiic oxide can 
be produced by the leaction ol an excess ol 
nitiic acid upon 127 14 g oi coppei? 

17 Balance the following equations (W'ater may 
be foimed ) 

(a) (H++N03-)-|-S — (2 H++SOi=)d-NO 
(t) (H^ +N03-)+P )- (3 H++P(h=)-bNO 

(c) (H+-I-NO 3 -) +Fe — >-(Fe+++2 NO 3 -) d-NO 

(d) (H++NO 3 -) -hSOj >-(2 FI+-|-,SO,=) -I-NO 2 

{O (H-’ -|-N03-)d-(II+-|-Br-) — >-Br 3 -|-NO 


References for Further Reading 

(See lefoieiices at close oi piecedmg chaptei ) 
Iliegcl, E R, Industrial Chenmiui, chap VI 
Rogets, A , Manual of Industrial Chcinistry 
Nitiic Acid Ind and Eng Chem (fiom ammo- 
nia), 19, 789 (1927), 23, 860 (1031), 26, 1287 
(1934), Chtm und Mel Eng , 36, 614 (1930), 
37, 604 (1930), (from sodium nitrate) Ind 
and Eng Chem, 23, 456 (1931), (from 
iiitingon and oxygen) Chem. and Mel Eng , 
39, 430 (1932) 
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THE SULFUR FAMILY 


We may judge with greal nrcvracy the commercial 
jrro'ipeiilii oj a countuj from the amoiiai of sulfuric 
acid il comumes 

LIEBIG (1840) 


1 Introduction 

Oxygen, siilfui , hplemum, and tellurium — 
the B element, s ol group six — constitute one 
of the nnpoitant lamilies of elements The 
physical piopeities ot these elements aie 
very dilfeient, oxygen, for example, is a 
coloilcss gas undei oidmaiy conditions, 
while sullui IS a yellow solid Their family 
lelationsliips aie revealed veiy strongly, 
however, by then chemical propeitics and 
by the similaiities in composition, and often 
in properties, of then compounds The fol- 
lowing list of compounds of oxygen and 
sulfui shows some of the likenesses in at 
least the foimulas of the compounds of these 
two elements 

Oxygen H,0 CO 2 FeO ZnO Na^O NaOH AszOz 
Sulfur HiS CSj FeS ZnS NasS NaSH AszSj 

SULFUR 

2 History 

The word sulfui piobably is deiived fiom 
Sanskrit words meaning “the enemy ol 
coppei ” and refeinng to the effect of sulfui 
upon coppci, which is conveited into a moie 
or less worthless compound when the two 
elements react Sulfui was one of the hist 
elements known, and there is evidence that 
it was used foi fumigating and for medicinal 
purposes as eaily as 1000 b c We know that 
it was also highly piized and -widely used by 
the alchemists It has long been known, 
also, as brimstone, or burning stone 


3 Occurrence 

Hultiii is found m the fiee state in the 
volcanic legions of Sicily, Japan, and Mexico 
Vast deposits in Texas and Louisiana aie 
thought to have been produced by leduction 
of sulfui m gypsum, CaSOi 2 H 2 O 

Compounds of sullur aie more abundant 
in natiiic than is the fico element These 
include sullates, the most impoiiant of 
which arc gypsum and banle (BaSOi), 
sulfides of the metals, such as galena (PbS), 
annabai (HgS), and zinc blende (ZnS), 
non py tiles (FeS 2 ) , and several ores oi coppei, 
gold, and other metals The element i,s 
also found in certain types of 01 game com- 
pounds, including scvcial kinds of proteins 
The albumen of the egg, foi example, con- 
tains about one pci cent of sulfui The de- 
composition of these substances lesults in 
the liberation of hydrogen sulfide Sulfur is 
also present in many vegetable oils, such as 
those of gaihc and inustaid 

4 The Production of Sulfur 

Beloie methods were developed for mining 
the sulfui deposits in the United States, most 
of the woild’s supply of sulfur came from 
Sicily This IS still a souice of the element, 
but Texas produces — or at least did before 
Woi Id Wai II — about 80 per cent of the 
woild’s output The sulfui of the deposits in 
Sicily IS mixed -ivith rock and soil from 
which it IS separated by heating The sulfur 
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IS easily melted, and the liquid is diained 
away fi om the solid impurities with which it 
OCCU 15 in natuie It is then heated in an 
iron letort and distilled into a buck chambei, 
wheie the vapoi condenses It the tempeia- 
tuie of the chambei is above the melting 
point, liquid sulfur collects on the bottom 
and is drawn off to be molded in the foim of 
rods 01 rolls, called wll sulfur oi brimstone 
If the temperatuie of the chambei is below 
the melting point, the vapor condenses to 
give a finely ciystalline powder, called 
flowcis of sulfur 

The sulfur deposits of Texas and Louisiana 
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figure 221. Sulfur Well 


are coveted by several hundred feet of ma- 
teiial of which a large part is said to be 
quicksand, oidinaiy mining opeiations aio, 
therefore, out of the question The deposits 
aie dome-lilce m shape, 400-600 feet thick, 
and several thousand feet m diametei 
Sulfur IS recovered from these deposits by a 
pioccss woiked out by Fiasch about 1900 
The sulfur is molted by moans of hot 
water and is then I'oiced to the surface 
by air under pressme Thiee concentric 
pipes are used in the well (Figure 221) 
Watei that has been heated to about 170° 
under pressure is forced down the outside 
pipe, which is about six inches in diameter, 
to melt the sulliii Hot, compressed an is 
forced through the smallest pipe, which is 
about one inch m diamctci An, melted 
siilfui, and water are foiced to the surface 
through the middle pipe by the piessuio of 
the an and water Almost pure sulfur — 
99 5 pel cent — is obtained without fiuther 
purification 

The annual production varies greatly be- 
cause of the changing demands of the in- 
dustiios that use sulfui itself or its most 
impoitant compound, sulfunc acid Before 
the depression of 1929 and the early thirties, 
the annual sulfui pioduction in the United 
States was about 2,400,000 long tons, and 
sulfur sold for $18 per ton The production 
in 1932 was only 889,695 long tons This 
decrease tells the story of the economic de- 
pression as well as any data that could bo 
quoted, lor the tons of sulfui produced or 
consumed is, for this country at least, an 
index of the nation's economic piospcrity 
The significance of these figures depends 
upon the extensive use of sulfui ic acid in so 
many ividely different industries The 
present annual pioduction m the United 
States is about 3,000,000 tons 

5. Physical Properties 

The foim of sulfur that we know best is 
an odorless and tasteless yellow solid, usually 
a powdered solid called flowers of sulfur but 
sometimes in sticks called roll sulfur. Its 
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Figure 222 Loading Sulfur From a Storage Vat 

density is 2 07 g pei cc ; its melting point is 
114 6°, and its boiling point is 444 6° At 
tempeiatuies slightly above the boiling 
point, the vapor consists laigely of molecules 
of Ss, with some molecules of So and Sj also 
piobably piesent At high tempeiatures 
molecules of S 2 appeal to piedominate 
The stiuctuie ol these polyatomic molecules 
piobably depends upon pans of elections 
that atoms ol sullui shaie with each other 

S-s— S-f^S 

Sulfur appeals in tuo allotiopic, ciystal- 
linc foims, ihomlnc, which melts at 112 8°, 
and monochnic, uhich melts at 119° The 
transition tempeiature at which one of these 
loims changes mto the othei is 95 5°, above 
this temperature, monochnic is the stable 
loim, vhile at lowei tempeiatuies, and 
theiofoie under ordmaiy conditions, ihombic 
sulfui IS stable The densities of ihombic 
and monochnic sulfui aie 2 07 and 1 96 g/cc , 
respectively 


Monochnic ciystals can be produced by 
allowing melted sullui to ciystallizo above 
the tiansition tempeiatuic A considerable 
quantity of sulfui is melted in a porcelain 
dish and is then cooled, until a crust of 
ciystals forms on the suilacc This is broken 
and the liquid sulfui is pouied off The 
lesidue left in the dish will have formed long, 
tianspaient, ncedle-hke crystals of mono- 
clinic sultiir (Figure 225) Aftei standing foi 
some time these crystals are converted into 
many smaller rhombic ciystals, which can 
be obseived by mici oscopical examination 
Both forms of crystalline sulfui appear to 
be composed of Ss molecules which ale ai 
langcd in diffeient crystal lattices, one for 
ihombic and one foi monochnic ciystals 
Sulfui IS practically insoluble in water 
Both of its ciystallme forms are icadily sol- 
uble in caibon disulfide In its solutions, 
sulfui piobably exists as molecules of Ss 
If heated to 115°, oidmaiy sulfui melts to 
give a pale yellow and very mobile liquid 
When the liquid is heated to a higher tern- 
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Figure 223 Molten Sulfur from Wells 
The molten sulfur is being sprayed into a storage vat, 
where it will cool and solidify 





494 


THE SULFUR FAMILY 



perature, the coloi changes to a daik brown 
and the mobility deci oases These diffei- 
ences in the pioperties of the liquid indicate 
two (otheis have been desciibcd) forms of 
the liquid state of the element These aie 
called (lambda) and (mu) Tbe 
lattei IS the daiker and moie viscous form 
molecules contain eight atoms aiianged 
in a ling In S„ the iings of eight sulfur 
atoms aie bioken, pioducing chains of atoms 
v hich may unite with one another to pioducc 
longei chains Such chains, containing 
piobably sevcial thousand atoms, explain 
in large pait the viscous natuie of S^ The 
viscosity of the liquid leaches a maximum 
at about 200 °, and at highei tempeiatures it 
deci eases up to the boiling point The de- 
Cl ease in viscosity is piobably caused by 
the hieaking up of the very long chains of 
atoms into shoiter chains At 200 °, the 
liquid is so viscous that it will not flow out 
of an mveited tube If liquid sulfur that 
has been heaf-ed almost to the boiling point 
is cooled rapidly by being poured into watei, 
it IS conveited into a soft, amoiphous, pli- 
able mass, somewhat like lubber This is 
called pla&hc sulfiu It consists of a mixtuie 
of S,, and S,. in a supei cooled state 



6 . Chemical Properties 

The two crystalline foims of sulfur have 
almost identical chemical pioperties Just 
as oxygen forms oxides, sulfur combines di- 
rectly with most of the elements to form 
sulfides Most of the metals form suliides 
when heated with sulfui A mixture of 
finely divided iron or zinc and sulfur reacts 
veiy vigoiously when heated and evolves 
sufficient heat to make the mass incan- 
descent Sulfur also combines with many of 
the non-metals, but usually less readily than 
with the metals, since it is a non-metal itself 
It does not leact with oxygen at ordinary 
tempeiatures, but burns at higher tempera- 
tures to foim sulfui dioxide (SO2) The fol- 
lomng aie representatives of its compounds 
with non-metals HiS, CS2, S2CI2, SCb, 

Sulfur IS conveited by oxidizing agents, such 
as nitric acid, into SO2, 01 sulfurous acid, and 
upon further oxidation, into SOj, 01 sulfiiiic 
acid 

Like oxygen and the other members ot 
the family, the sulfur atom has six valence 
elections, and tends, therefore, to acquire 
tiro electrons to complete the octet If it 
acquires these elections fiom an electro- 
positive clement (a metal), its valence num- 
ber becomes —2 This gives the sulhde ion. 
The sulfui atom shares elections to 
give it the positive valence numbers of 4 
and 6 Because of its tendency to attract 
electrons, sulfur is an oxidizing agent 

7. Uses 

Sulfui is used chiefly in the manufacture 
of sulfui ic acid, and also in the vulcanization 
ol rubber (page 308 ) Some is usctl 111 mak- 
ng black gunpoivdei Sulfui is also used as 
a fumigant Mixed with lime, it foiras a 
“limc-sulfui ” spray that is used as a lungi- 
cide Sulfur is used in the manufacture of 
many useful compounds, including sulfui 
dioxide, caibon disulfide, sodium thiosulfate, 
and the sulfide ol phosphorus, P1S3 It is 
also used in certain fertilizers to aid m con- 
veiting lock phosphate, Ca3(P04)2, into 
moie leadily soluble compounds that plants 
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Figure 226 A Multiple Nezzle Power Duster Used in a Citrus Fruit Grove tor the Control 

of Citrus Rust Mite 


can use It is employed to some extent as an 
electiical insulator Mixed uith sand and 
heated, it foinis an acid-proof cement A 
substitute foi slate is made hom sulfur, 
cement, and asbestos In oiganic chemistiy, 
sulhu has many uses, especially in the 
manufacture of ccitain dyes Medicinally, 
it IS used in ti eating ccitain diseases of 
the bkin The eaily fiiction matches always 
contained sulfui and weie often called “sul- 
fiii matches,” but the fioe element is no 
longei used foi this put pose, sulfides of phos- 
phoius and antimony take its place 

HYDROGEN SULFIDE 
8. Occurrence 

Since many organic materials contain sul- 
fui, usually as a constituent of certain pro- 
teins, the decay or dcstiuctive distillation of 
these substances results in the hbeiation of 
hydiogen sulfide (HaS) It is present in the 


gases evolved when coal is distilled, m gases 
escaping fiom volcanoes, and m sewei gas 
It IS the substance largely icsponsiblo foi the 
offensive odor of decomposed eggs The 
waters from so-called sultiii spiings also con- 
tain hydrogen sulfide and are sometimes re- 
gaided as having medicinal value because 
of certain mmeials that they contain in 
solution, peihaps the foul odoi and un- 
pleasant taste, produced by the hydiogen 
sulfide, convince some who drink it that 
sulfur watei must be a poireihil medicine 

9 Preparation 

Hydrogen sulfide is pioducccl dnectly 
fiom the elements, when hydiogen is passed 
into boiling sulfur It is usually prepared, 
liowovei, by the action of dilute hydiochloiic 
01 sulfui 1 C acid upon the sulfide of a metal 
Feirous sulfide is usually employed 
PeS -1- 2 (H+ + Cr) 

(Fe-H- + 2 C1-) -h HzS f. 





496 THE SULFUR FAMILY 


This reaction is almost complete because of 
the slight degiee ot ionization of hydiogen 
sulfide, and also because the gas is only mod- 
el ately soluble The hydrogen sulfide made 
in this way is usually not very puie A 
better pioduct is made by ti eating sodium 
sulfide, which can be pi spared in a chemi- 
cally pure state, with hydiochloiic acid An 
oxidizing acid, such as HNO3, cannot be 
used, because the hydiogen sulfide is oxi- 
dized, as rapidly as it is formed, to water 
and flee sulfui 01 sulfurous acid The Kipp 
generator (page 107) is often used in pi educ- 
ing the gas for labor atory use When needed 
in large quantities it can be purchased in steel 
cylinders It is produced, also, by heating 
solid hydrocarbons — paraffin — with sul- 
fur, which reacts with the hydiogen of the 
hydrocarbon to form hydiogen sulfide, leav- 
ing a residue of free carbon 

1 0 Properties 

Hydrogen sulfide is a colorless gas, which 
can be condensed to a colorless liquid, boil- 
ing at —59 6° and freezing at —83° It has a 
sweet, chsagieeable taste and a very foul 
odor The density of the gas is 1 19, as 
compared with an At 15°, one volume of 
water dissolves a little moie than thiee vol- 
umes of hydiogen sulfide It is very poison- 
ous Continued inhalation of a very dilute 
mixture with an produces headache and 
nausea, and one pait in 200 parts of air 
may be fatal to persons and animals In- 
halation of the gas pioduces paralysis of the 
neive centers that legulate the functioning 
of the heait and lungs A little chlorine, 
largely diluted with air, may be breathed 
as an antidote 

Chemically, hydrogen sulfide is charac- 
terized by the following properties 

(1) It IS not very stable When heated it de- 
composes into the elements 

H 3 S— >H, + S 

If a cold poicelain dish is held in a flame of 
burning hydrogen sulfide, a deposit of sullur 
condenses upon the surface of the dish The gas 


decomposes into hydiogen and sulfur, but the 
cold dish lovveis the tempoiatuie of the mixtuie 
to a point below the hndling temperatui e of sulfui 

(2) The gas burns in the an with a blue flame 
and pioduces watci and sulfui dioxide 

2 HjS + 3 O 2 — 2 St)i + 2 H 2 O 

If the supply of oxygen is limited, the hydrogen 
is coiiveited into watei, and the sullui is set fiec 

2H2S+ O2 — )-2IbO-h 2S 

The latter leaction occuis slowly when a solution 
of hydiogen sulfide is exposed to the an, the 
sulfui sepal ates, as the hydrogen is conveited 
into water, giving a finely divided solid called 
nnlk of sulfur This is the manner m which de- 
posits of sulfui are pioduccd in “sulfui springs.” 

(3) Hydiogen sulfide is a reducing agent The 
following equations show its beliavioi m this 
respect 

I, + 1 X 28 — >-2 (H-i +I-)-fS 
SO 2+2 I-bS — >- 2 H 2 O-I -3 S 

2 (lI+d-NOn+S IT2S — >- 2 NO -1-4 I-bO-t-S S 

(dilute) 

2 (Fe++ ' +3 C1-) d-IljS r 

2 (Fo++-|-2Cn-|-2 (H++Cl-)-t-S 

H2SO4+II28 — F- S +2 IbO-t-SOa 

(concentrated) 

(4) Hydiogen sulfide acts upon metals m a 
manner which is veiy much like the action of 
watei When the gas is pa^ised over heated 11 on 
filings, hydiogen and FeaSi (compare with FesOi) 
aie pioduced 

3 Fe + 4 HjS — FesSi + 4 H, 

All of the metals in the electrochemical senes 
down to and including silver 1 caddy loact with 
hydrogen sulfide The black taimsh on silvei is 
pioduced by the reaction of the metal with this 
substance 

(5) The aqueous solution of hydrogen sulfide 
acts as a very weak dibasic acid (page 439), 
ionizing to fonn hydiogen, sulfide (S“), and hydio- 
sulfide (SH“) 10 ns As an acid it is known as 
hydrosulfunc acid It neutiahzes bases to form 
sulfides and hydiosulfldes (Na^S and NaSH) 

1 1 The Sulfides 

Many sulfides occur in nature as the ores 
of metals (page 491) In the laboratory the 
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metallic sulfides are prepared by the follow- 
ing, methods ( 1 ) by the neutralization ot a 
hydroxide-base with hydrosulfuiic acid, ( 2 ) 
by heating the metals with sulfui, and (3) 
by the interaction in solution of a salt of the 
metal and hydrogen sulfide The third 
method is usually employed to form sulfides 
that aie not readily soluble in water. The 
sulfides of the alkali metals and of the alka- 
line eaith metals (barium, strontium, cal- 
cium, and magnesium) cannot be produced 
in this manner, because they are soluble, 
and also because, when formed, they react 
with water to produce the hydroxides and to 
release hydrogen sulfide 
Although hydrogen sulfide is only slightly 
ionized, its saturated solution contains a 
sufficient concentration of sulfide ion to ex- 
ceed the solubility products of the sulfides 
of all the other common metals, if their ions 
are present even in rather small concentra- 
tions In the presence of an acid (HCl) the 
concentration of the hydrogen ion is in- 
creased, and consequently the concentration 
of the sulhde ion is decreased By piopeily 
legulating the amount of acid added, the 
concentration of the sulfide ion may be re- 
duced sufficiently so that only the least sol- 
uble sulfides (those having the smallest 
solubility products) aie precipitated from a 
solution containing all oi several of the 
common metallic ions The sulfides precipi- 
tated in the presence of a moderate concen- 
tration of HCl are HgS (black) , PbS (black) , 
AgaS (black), CuS (black), B 12 S 3 (brown), 
CdS (yellow) , AsjSj (yellow) , SbaSs (orange) , 
and SnS 2 (yellow) If these aie removed by 
filtration, and the filtrate is neutialized by 
the addition of a base, the sulfide ion concen- 
tiation is inci eased to a point wheie another 
gioiip ol sulfides piecipitate This gioup 
includes FeS (black), ZnS (white), MnS 
(pink), NiS (black), and CoS (black) 
Chromium and aluminum ions, if present, 
are piecipitated as hydroxides, because then 
sulfides are almost completely hydrolyzed 

AI2S3 + 6 HOH — 2 A 1 ( 0 H )3 j + 3 HjS 


The common metallic ions aie thus separated 
mto three groups 

(1) Metals whose sulfides precipitate in 
acid solution 

(2) Metals whose sulfides precipitate m a 
neutral or alkaline solution but not 111 an 
acid solution 

(3) Metals not precipitated by hydrogen 
sulfide 

This is the principle that underlies the 
most commonly used method of separating 
the cations into small groups for analytical 
purposes 

12. Polysulfldes or Persulfides 

When aqueous solutions of the hydroxides 
01 .sulfides of calcium, ammonium, sodium, 
and potassium are heated with sulfui, the 
latter dissolves to form solutions of persul- 
fides, sometimes called polysulfldes The 
composition of these compounds is not 
known definitely The hme-sullui sprays 
contain polysulfides of calcium, probably 
CaSi and CaSs The liquid is led m coloi 
Ammonium polysulfide, sometimes called 
“yellow ammonium sulhde,” is usually lepio- 
sented as (NIl4)2Sa; and contains (NH 4 )aS 8 „ 
(NHOaSa, (NH4)2S4, and (NH4 )iSb 

SULFUR DIOXIDE, SULFUROUS ACID, AND 
THE SULFITES 

13 The Oxides of Sulfur 

The two important oxides of sulfui are the 
dioxide, SO2, and the tiioxidc, SO3 The 
sesquioxide (S2O3), which is a blue-gieen 
solid, and the heptoxide (S2O7), which is a 
thick liquid, are not important 

14 Sulfur Dioxide, Its Preparation 

Sulfur dioxide occurs in the gases that 
escape from volcanoes and in the gases fi om 
the combustion of coal, which usually con- 
tains some sulfur It is pioduced by the 
following general methods 

(1) By burning sulfur or by roasting metallic 
sulfides, 

S -fi O 2 — y SO 2 

2 ZnS -k 3 O 2 — )- 2 ZnO -k 2 SO, 
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The second of these leactions illustrates the 
first step in the pioduction of metals fiom 
their sulfide oi es Most of the sulfur dioxide 
used in the manufactuie of sulfuiic acid is 
produced by burning sulfui or roastmg sul- 
fide 01 es 

( 2 ) By the reaction of an acid upon a sulfite 
Small quantities of pure sulfiii dioxide may 
be piepaied by treating a sulfite with an 
acid Sulfui ous acid (liaSOs) is foimed 
fust, and decomposes into watei and sulfui 
dioxide 

(2 Na+ + SO =) -b 2 (H+ -fi Cr) 

2 (Na+ + C 1 -) + H2SO3 
H2SO3 — >- HjO + SO2 

( 3 ) By the 1 eduction of sulfunc acid Con- 
centrated sulfuiic acid reacts u ith copper and 
ceitain other metals to form sulfur dioxide 
Coppei IS oxidized to cupric 10ns, and sul- 
fiuic acid IS reduced to sulfur ous acid, which 
then decomposes 

Cu -|- 2 II2SO4 — ^ 

(Cu^ -b SO 4=) -b 2 H2O -b SO2 t 

This reaction is similar to the reaction of 
sulfui and sulfunc acid and to the reaction 
which occurs when caibon is treated mth hot 
concentiated sulfuric acid 

S -b 2 H2SO4 — >- 3 SO2 t -b 2 H2O 
C -b 2 H2SO4 

CO2 'f' “b 2 H2O "b 2 BO2 ‘f' 

1 5 Sulfurous Acid 

A solution of sulfur dioxide in watei con- 
tains sullurous acid, H2SO3, which produces 
H"'", HSOi", and in dilute solution, SO3” 10ns 

H2O -b SO2 :i=± H2SO3 

H+ + HS03-:i=i:H+-bS03= 

When the .solution is heated, sulfui dioxide es- 
capes and the leaotions indicated abme aie com- 
pleted to waul the left If a base, such as NaOH, 
IS added, the leactioiis go towaul the light, giv- 
ing sodium bisulfite (Na+HHOr) or the noimal 
sulfite (NaohSOj”) Because of the tendencv of 
sulfiuous acid ami the sulfites to icaot slightly 
with oxygen, sulfites usually contain some sulfate 


The oxidation of the sulfite ion to sulfate ion is 
letaided by sugai and glyceuiie The acid is 
known only in solution 

16. Properties of Sulfur Dioxide 

Sulfur dioxide is a colorless gas, 2 26 times 
as heavy as an, and possessing a sharp, 11 ri- 
tating odoi It is very soluble m watei, 
at one atmosphere and 0 °, 1 volume of watei 
dissolves approximately 80 volumes of the 
gas The gas is easily hquehed (critical 
temp , 157 °) in a freezing mixture of ice and 
salt at atmospheue pressure The boiling 
point of the liquid is — 10 ° and the fieezmg 
point is about - 73 ° Liquid sulfur dioxide 
IS transported in steel cyhndois and even 
in tank cars 

fi'he chemical properties of sulfur dioxide 
mav be summauzed as follows 

(1) It acts as an oxidizing agent This is a 
piopeity of ininor impoitance and is illustiated 
by the action of SO2 upon I-T28 

RO2 -b 2 HoR — h 2 II2O -b 3 R. 

( 2 ) Sulfui dioxide is an active 1 educing agent 
It IS oxidized fiy .such .substances as KMnOi, 
K2C12O7, IINO3, and even oxygen itself, to sul- 
fuuc acid Tlie leaotion with oxygen is very slow 
unless it IS catalyzed (page 499 ) In aqueous 
.solutions the 1 educing agent i.s sulfui ous acid 
(IlaSOj), winch IS oxidized to sulfunc acid 

( 3 ) Sulfui dioxide acts upon many kinds of 
coloied substances to change them into coloiless 
compounds Foi some substances bleaching le- 
sults fiom the action of Bulfui dioxide 01 , sulfurous 
acid as a 1 educing agent, but fni tithcis it is pro^ 
duced by the diioct conilmiation of .sullui dioxide 
and tlie coloied substance, s to foiin lathei un- 
btalile addition compounds. These compounds 
may decomiiose slowly and change liack into the 
oiigmal substances wlieu tlic lilcached matenals 
aie exposed to sunlight Ncwsiiapois and straw 
hats may tuiii yellow alter a tunc, because both 
wood-pulp and stiaw aie bloaolied by sulfui 
dioxide or by substances deiived fiom it 

( 4 ) With chlorine, sulfui dioxide forms sulfuryl 
ehloiide, R02C12 TIu.s compound is m a sense 
typical of the addition compounds that sulfur 
dioxide forms with many substances 
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17 Uses of Sulfur Dioxide, Sulfurous Acid, and 
Sulfites 

The most important use of sulfur dioxide 
IS in the manufacture of sulfuiic acid, in 
making this acid, sulfui is fiist burned to 
form sulfui dioxide Large quantities are 
used, also, to bleach paper-making mateiials 
and wool, silk, and straw, fot wool and silk 
cannot be bleached with chlorine (page 367) 
Diied fiuits, canned com, molasses, and 
wines aio sometimes ticated with sulfur 
dioxide foi the puipose either of bleaching 
them or of pieseivmg them against bacteiial 
action, it pi events Ici mentation and dis- 
coloration caused by growth of molds dining 
the drying of fmits such as peaches, apples, 
and apricots Sulfui dioxide was once used 
as a fumigant and disinfectant, but foi this 
purpose it has been displaced laigcly by 
foimaldehyde 

The action ol sodium bisulfite as an an- 
tichloi has already been discussed (page 
387) Calcium bisulhtc, Ca(IlSOj)j, is ex- 
tensively used in picparing wood-pulp tor 
the manufacture of paper This substance 
IS piepaied by the action ot sulfur dioxide 
upon calcium hydroxide, limestone (calcium 
carbonate), oi dolomite (calcium and mag- 
nesium carbonate) Its use in the prepaia- 
tion of wood-pulp depends upon its ability 
to dissolve kgmn, a substance which holds 
togethei the wood flbeis The mateiial pie- 
paicd by heating wood chips with a solution 
of the bisulhtc is used m making the cheapei 
giades of paper 


SULFUR TRIOXIDE AND SULFURIC ACID 
18 Sulfur Trioxide 

This substance is a colorless liquid, which 
fieezes at 17° and boils at 45° The liquid 
IS transfoimed above the fieczing point, and 
111 the pieseiice of small quantities of water, 
into silky, white crystals 

Sulfur tiioxidc acts as an oxidizing agent, 
but only with veiy active i educing agents 
In moist an it forms a cloud consisting of 
tiny droplets of sulfuiic acid With watei it 
leacts vigoioiialy to foim sulfuiic acid, of 
winch it is the aiihydiide 

SO 3 + ILO — y TLSOi + 21,300 caloiies 

Foi this mason, SO 3 is a poweiful dehydrat- 
ing agent it dissolves m 100 pei cent siil- 
fuiic acid to foim pijJOiiilJunc, 01 fuming 
sulfuiic, acid 

HoSO.! -I- SO3 — ^ H2S2O7 

Sulfur til oxide is pioduced by the reaction 
of sulfui dioxide with oxygen 

2 SO2 + O2 s — 2 SO3 

The leaetion is leversible, and since it is 
rather stiongly exothermic, it is not favored 
by high tempeiatuies Even at 400°, how- 
evei, 98 per cent of the dioxide is convex ted 
into the trioxide The leaction is very slow 
unless catalyzed by finely divided platinum 
01 some other mateiial (page 503) The 
platinum catalyst may be prepaied by dip- 
ping asbestos hbeis in a solution of chloro- 



Figure 227 Laboratory Method for Producing Sulfur 
Trioxide and Sulfuric Acid 
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platinic acid (H 2 PtCl(i) and heating them in 
a flame The platinum compound decom- 
poses, leaving very finely divided platinum 
scattered throughout the mass ot asbestos 
The sulfur dioxide must be carefully purified, 
since the platinum catalyst is easily poisoned 
by compounds of aiscmc and other sub- 
stances that aie likely to be present, espe- 
cially if the sulfur dioxide is picpaied by 
loasting sulfides or pyiites (FeSa) The 
temperatuie employed is 400°-450°, and 
about 95 per cent of the sulfur dioxide is 
converted into the tnoxide This pioccss 
may be earned out in the laboiatoiy by 
passing a mixture contaimng equal volumes 
of sultui dioxide and oxygen thiough con- 
centiated sulfuric acid, which dues them, 
and then over hot platinized asbestos m a 
hard glass tube (Figuie 227) The sulfui 
trioxide which escapes fiom the end of the 
tube may be collected by condensation in a 
receiver cooled by a fieezing mixtuie, oi it 
can be dissolved in concentrated sultui ic 
acid 

SULFURIC ACID 

Sulfuric acid was known to the later al- 
chemists It was prepaied by Basil Valen- 
tine and Glauber by the distillation of certam 
metallic sulfates Commeicially, it was fiist 
prepaied about 1746, by a piocess that was 
the foieiunner of the present lead-chambei 
process A mixture of sulfui and saltpetei 
(KNO3) was heated in a glass globe which 
also contained an and water vapoi The 
sulfur was oxidized to sulfur dioxide, and the 
oxides (NO and NO2) of nitiogen weie re- 
leased These gases then reacted with oxy- 
gen and water to foim sulfui ic acid 

Sulfui 1 C acid has a moie extensive indus- 
trial use than any othci manufactuied 
compound It is by fai the most ividely 
used acid The annual consumption m the 
United States fluctuates ividely, but the 
normal amount is above 10 million tons of 
62 per cent acid During the depression yeai 
of 1932, only 4,330,000 tons were consumed 
During World War II, the annual production 


lose to about 10,000,000 tons So important 
is this substance that the amount of it pio- 
duced from yeai to yeai is a veiy good index 
of industrial prosperity 

19. Physical Properties 

The anhydrous ( 100 per cent) sulfuric acid 
(or hydrogen sulfate) is a colorless, heavy, 
“oily” liquid, sometimes called oil of vilnol 
Ceitain metallic sulfates ate sometimes called 
mtnols; ciipiic sulfate is blue vitiiol, and 
ferrous sulfate is green vitiiol Sulfuric acid 
was once obtained by distilling gieen vitriol 
and sand 

The specific gravity ot 100 per cent sul- 
fuiic acid, or hydiogcn sulfate, is 1 834 at 
18° Wlien heated to about 150°, it begins 
to decompose, evolving watci and sulfur 
tnoxide which recombine as they cool to 
foim fumes consisting of di oplets ol sulfuric 
acid, the decomposition at this tcmpeiature 
IS slow and does not become pronounced 
until the acid is heated to about 340° The 
ordmary concen tinted acid of commerce con- 
tarns from 93 to 95 per cent of H 2 SO 1 and 
has a specific gi avity ot about 1 83 Crystals 
of the puie compound form at a low tempeia- 
tuie These melt at 10 5° Flydrogcn sul- 
fate mixes AVith watei m all proportions, 
forming solutions of sulfui ic acid of different 
concentiations When the concentrated acid 
is poured into water much heat is liberated, 
indicating that the acid reacts with water 
to form hydrates 

20 Production 

Sulfuiic acid is pioduced for commercial 
puiposes by the contaot pioccss 01 by the 
Icad-chamhei piocess Each ol these has 
ceitain advantages and disadvantages 

21 The Lead-Chamber Process 

This piocess is shown m Figuie 228 The 
mateiials used consist of the following sub- 
stances sulfui or pyrites (FeS 2 ), which is 
burned to foim sulfur dioxide, the oxides of 
nitrogen, N 2 O 3 NO -j- NO 2 ; air which 
supplies oxygen; and water or steam. The 
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Figure 228 Lead-Chamber Plant for the Production of Sulfuric Acid 
A IS the "niter pot” 


process is an old one; it was first used in 
1746 Foi moie than one hundred yeais it 
provided almost all of the world’s supply of 
the acid, and even yet it competes faiily 
successfully with the contact process as re- 
gal ds the quantity pioduced The lead- 
chamber pioccss consists of several steps, 
which we shall describe separately 

(1) The Sidfiu Burners Iioii pyrites oi sulfui 
IS burned m a fuinace, kiln, or burner A laige 
excess of air not only provides oxygen to form 
sulfur dioxide but leaves a suiplus for later leac- 
tions in the lead chambers 

(2) The sulfur dioxide and the excess of air aie 
next passed over the “niter pot” (A) Nitric 
acid, which is contained in A, oi is made here by 
the leaction of H2SO4 with NaNOs, volatilizes and 
is reduced by the sulfur dioxide, forming NO and 
NO2 

2 JINO 3 -I -2 iS() 2-I-H20 — >- 2 HjSOi-l-NO-t-NOs 

4’lie oxides of nitiogen may also be produced by 
oxidizing ammonia catalytically , these oxides 
may be introduced directly into the lead cham- 
bers hloi e air may be admitted at A if necessary 

(3) The ga'-es next pass into the Glovei towei, 
desciibed m (6) below The function of this 
towel cannot be explained until we have fiist 
consideied the reactions described in (4) and (5) 

(4) The Lead Chambers The mixtuic contain- 
ing sulfur dioxide, an, and the oxides of intiogeii 
is allowed to entei the lead chambeis, where the 
punupal reactions of the process occur A spiay 
of water 01 steam is added here The chambeis 
aie huge rooms, lined with sheet lead, and ap- 
proximately 100X 40X 40 feet in size Tiom 
thiee to fixe chambeis may be used in a plant, 


the fiist m the senes is usually the largest 
In the lecently constiucted plants smaller cham- 
bers aie limit In some, ciiculai towers aie used 
instead of the lead looms The ultimate changes 
which occur heie may be represented by the 
following equations 

NO2-HSO2 — >-SOi-hNO 
BO3 -I- H.2O — >- H2SO4 
2 NO -I- O2 — y 2 NO2. 

The actual i eactions ai e considerably moi e com- 
plicated than these simple equations indicate 
The generally accepted 1 eactions can be desciibed 
as follows 

( 1 ) 2 SO2 -t- NO + NOo -h O2 -h H2O — >- 


OH 

/ 



0 

\ 

NO 

It the quantity of watei in the chambers is limited 
wliite ciystals of mtrosyi suljuru and, the pioduct 
of this leaction, may be formed, these are called 
duimhei aijslals The stiuctuial loimulas shown 
below foi uitrosyl sulfui ic acid and for sulfui ic 
acid explain the differ enoe between the two acids 

0 -0 

IIOBOH ONOSOH 
0 0 

Biiltuno and mtrosyi sulfuno acid 



502 


THE SULFUR FAMILY 


111 the presence of the required amount of 
water, the second reaction occurs, forming sulfuuc 
acid, and liberating the oxides of nitiogen 

(2) 2 (HO - SO 2 - 0 - NO) + HjO — >- 

2 H 2 SO 4 + NO + NO 2 

The oxides of nitrogen pass out of the cliambeis 
into the Gay-Lussac towei The sulfuric acid 
solution (60-70 per cent) collects in the bottom 
of the chambers and is drained into a reservoir 
A more concentrated acid cannot be produced in 
the chambers because it would attack the lead 
walls 

(6) The Gay-Lussac Tower The function of this 
tower IS that of a chimney m helping to move 
the gases through the chambers and, moie im- 
portant, the recovery of the oxides of nitiogen, 
which are too valuable to be allowed to escape 
into the an They must be letuined to the 
process to be used over and over again The 
gases escaping from the last chambei pass 111 at 
the bottom of the Gay-Lussac towei They 
pass upward thiough tile 01 flint chips ovei which 
oonoentiated sulfuiio acid is spiayed As the 
acid comes into contact with the escaping gases, 
the following reaction ocouis 

2 H2SO1 -t- NO -b NU2 — >- 

2 (HO - SO 2 - 0 - NO) - 1 - H 2 O 

lutrosyl sulfuric acid 

Tile concentrated acid, containing also the lutio- 
syl sulfuuc acid, is diamed into the leseivon 
at the bottom of the Gay-Lussac tower Fiom 
heie it is forced (undei air pressure) to the top 
of the Glovei tower 

(6) The Glover Tower The acid from the bot- 
tom of the Gay-Lussac tower is forced by pi as- 
sure to the top of the Glovei tower, wlieie it is 
sprayed ovei tile and comes into contact with the 
hot ascending gases from the sulfur Iniiiieis 
It IS also diluted by the addition of dilute sul- 
fuiic acid Under the influence of the heat of the 
hot gases from the sulfm bmnei, and also because 
of the water which is present in the diluted mix- 
tuic, the icaction that occuiied in the Gay- 
Lussac towel IS leveised (See equation (2), 
above ) The oxides of nitrogen are thus set free 
once again to begin a new trip thiough the lead 
chambei s While passing over the heated tile of 
the Glovei towei, the acid is once more concen- 
trated It is tins acid, fiom the bottom of the 
Glover tower, that is foi ced to the top of the Gay- 


Lussac tower, there to be used in absorbing once 
again the oxides of nitiogen Because theie are 
some unavoidable losses, some additional oxides 
of mtiogen must be introduced into the process 
continuously, but this amount is small as com- 
paied with the quantity in use at any one time in 
the chambers 

22. Concentration of Chamber Acid 

The acid made in the lead chambers is 
used diiectly for some puiposes, such as the 
manufacture of soluble phosphate fcitilizers 
fiom rock phosphate, but to prepare the 
more concentiated solutions used in other 
industiies, chamber acid must be evapoiated 
This piocess may be earned out m lead pans, 
placed on top of the sulfur buinois, but the 
concent! ation m lead cannot be earned be- 
yond 77 pel cent of PI 21 SO 1 , since stiongcr 
acid dissolves the layei ot lead sulfate that 
ioims on the pans and piolects them against 
the action of the acid The solution can be 
further concentrated (to about 94 per cent) 
m vessels made ot glass, poicelain, platinum, 
silica, oracid-iesistmgDuriion (a on-sihcon) 
The vessels containing the acid may be 
placed on the teiiaced cover ot an inclined 
flue The dilute acid flows contmuously into 
the top vessel, and then ovei flows fiom one 
vessel into the next Since the tempeiature 
of each basin into which the acid flows is 
highei than that of the one above, the acid 
is exposed to a highei and higliei tempei atuie 
as it descends and becomes moie concen- 
trated Concenti ation can also be effected 
by alloivmg the dilute acid to flow over 
bucks or tile in a towei in which hot gases 
aie passed upwaid Comincicial concen- 
tiated acid is distilled liom glass containers 
to give the chemically puic acid (98 pei cent) 

23. The Contact Process 

The different paits of the plant used in 
manufacturing sulfuuc acid by the contact 
piocess are shown in Figuio 229 The leac- 
tion involved is 

2 SO2 + O2 - 


2 SO 3 + 44,400 calories 
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Sulfur Dust Washing Drying Arsenic Catalytic Absorber 

burner remover tower tower remover chamber 


Figure 229 Diagram of a Contact Plant for the Manufacture of Sulfuric Acid 
The sulfur burner shown uses sulfur or pyrite In some burners fuied sulfur is forced under pressure into ihe 

burner along with a blast of oir 


Because this reaction is extiemely slow, it 
must be catalyzed High temperatuies 
must be avoided because the leaction is ex- 
otheimic The catalyst first used was plati- 
num, prepaied as desciibed on page 499, 
or by a similar piocess in which the platmum 
was deposited on ciystals of magnesium 
sulfate instead of on asbestos Ferric oxide, 
with which cupric oxide is mixed, and mix- 
tures contaming vanadium penioxide (V^O^ 
have been found to be very effective, and in 
some respects they aie more desirable than 
platinum because they are not so easily 
poisoned The sulfur dioxide must be veiy 
carefully purified to remove unpuiities, es- 
pecially compounds of arsenic, which act as 
poisons 

In the usual operation of a contact plant, 
liquid sulfur is forced into the burnei and is 
burned in a blast of dry aii The gases re- 
sulting from the combustion of sulfur pass 
through a dust removei, and then through a 
scrubber where they are washed with con- 
centrated sulfuric acid The acid removes 
many of the impuiities and dries the sulfur 
dioxide by extracting the water vapor. In 
order to remove any sulfuiic acid that may 
be mixed with the gases, they are passed 


through a thick layei of coke The gases 
now contain sulfur dioxide, oxygen, and 
nitiogen They next enter the chamber that 
contains the catalyst, where sulfur dioxide 
icacts with oxygen to form sulfur trioxide 
This leaction hbciates consideiable heat, 
and unless this heat is icmoved, the tempera- 
ture rises to a point that is unfavorable to 
the reaction In oidei, theiefoie, that the 
leaction chamber may be cooled, the gases 
as they enter aic first passed ovci the tubes 
that contain the catalyst before they enter 
these tubes and come into contact with the 
catalyzing materials The temperatuie in 
the containers in which the reaction occurs 
must be kept faiily constant at 400°-450° 
Fioin the reaction chambei, the gases 
(which now contain sulfur tiioxidc, oxygen, 
and nitiogen) pass into the absorbei Here 
they pass up ovoi tile oi biokcn stoneware 
and are met by 97-98 per cent sulfuric acid 
which IS introduced at the top Unless the 
solution is diluted, pyrosulfuric acid, some- 
times called oleum or fuming sulfuric acid, 
IS produced, but it is possible to regulate the 
concentration adding water to the solu- 
tion as the tiioxidc is absorbed Sulfur 
tiioxide cannot be absorbed in water, be- 
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cause it forms a fog of small droplets that the United States The contact process re- 
passes through the watei without dissolving quires moie nearly puie sultui dioxide than 

the lead-chambei process, because many im- 
24 Comparison of the Contact and Lead- parities act as poisons to the catalyst, es- 
Chamber Processes pecially if platinum is used. This fact re- 

Thc contact process pioduces any concen- quires that puie sultui be used as the source 
tration of sulfuiic acid from oleum to a very of sulfur dioxide in the contact pioccss, 
dilute solution Chamber acid, on the othei while the lead-chamber piocess can be used 
hand, to give the strongei solutions, must be to advantage with other sources of sulfui, 
concentrated by a difficult and tedious proc- such as iron pyntea, FeS2, that give a mixture 
ess of evaporation The acid from a lead- of gases, when burned, that would poison a 
chamber plant usually contains more im- contact catalyst 
purities in the form of dissolved lead sulfate, 

oxides of nitiogen, and compounds of iron, 25 The Chemical Properties of Sulfuric Acid 
aisenic, and other metals, than does that An aqueous solution of sulfuiic acid has 
from the contact piocess Neveitheless, the the piopeities of a moderately strong, di- 
chamber process is still used extensively in basic acid If dilute, the solution leacts with 
the production of ordinary conameroial “oil metals above hydrogen in the electiochemi- 
of vitriol,” which is much in demand foi cal senes to liberate hydrogen, but a conoeii- 
the manufacture of ammonium sulfate and tiatcd solution leacts as an oxidizing agent 
phosphate fertilizer, this use calls foi almost Avith many metals both above and below 
one thud of the acid produced annually m hydrogen, forming sulfates and usually lib- 
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Figure 230 Filling Carbpys with Acid 
The acid supplied for laboratory uses is usually shipped m carboys 
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erating sulfur dioxido The model ately 
dilute solution is a good coiiductoi of the 
electric curient, liberates carbon dioxide 
fiom carbonates, sulfur dioxide fiom sulfites, 
and hydiogcn sulfide from sulfides, and re- 
acts with the oxides and hydroxides of 
metals to foim noiinal sulfates oi bisulfates 

Concentiated sulfuric acid acts less rapidly 
upon metals to displace hydrogen than the 
dilute acid This difference is caused by the 
smaller degree of ionization of the concen- 
trated acid, and also by the slight solubilities 
of the sulfates ol some of the metals in con- 
centiated solutions of the acid, it the sulfate 
that hist forms does not dissolve, it may 
covei the metal, thus preventing furthei ac- 
tion It should be noted, howevei, that 
some metals — lead, for example — dissolve 
more leadily in concentrated acid than in 
dilute, because their sulfates aio moie solu- 
ble in the solutions containing higher con- 
centrations of acids It IS this condition that 
limits the concentration of acid made di- 
rectly by the lead-chambci piocess (page 
502) 

The concentiated acid is an active oxidiz- 
ing agent when heated The leactions ivith 
carbon, sulfui, and copper (page 498) and 
with HI (page 347) are examples of its oxid- 
izing action The action of the acid in lib- 
eiating volatile acids from then salts has 
been illustiated in the manufactuie ol hy- 
drochloric (page 346) and nitiio (page 481) 
acids 

Because of its vigorous leaction with 
water to form seveial hydiates, of which 
H 2 SO 4 II 2 O (01 SO3 2 II 2 O) is the most iin- 
poitant, concentiated sulfuric acid is an 
ellicient chying agent for gases that do not 
leact with it It also lemoves the elements 
of water (hydrogen and oxygen) fiom cer- 
tain compounds containing them This 
effect IS especially pronounced it the com- 
pounds contain the two elements in the same 
piopoition in which they occur in water 
Paper, cotton, and wood, which consist es- 
sentially of cellulose, (CoHioOt)^;, are charred 
by sulfuric acid because they are dehydrated 


by it Sugai, C 12 H 22 O 11 , is likewise dehy- 
diated, leaving a charred mass of carbon 

C12H22O11 -{-11 II2SO4 — 

12 C -h 11 H 2 SO 4 H 2 O 

26 Uses of Sulfuric Acid 

Many mdustiies use vast quantities of this 
acid Some of the moie important uses are 
desciibed briefly below, the figures given 
indicate the number ol tons ol 62 poi cent 
acid used foi each purpose, 01 in each in- 
dustiy, for each of two years preceding 
Woild Wai II Dunng time of war, of 
couise, the use of sulfuric acid in those 
industries engaged in maniifactuiing muni- 
tions increases tremendously, while the use 
m other strictly peacetime mdustries is likely 
to decrease below normal consumption 

(1) Maiiufaotme of feitihzei 2,447,000 — 

1.970.000 The acid is used to pioduoo ammo- 
mum sulfate and soluble phosphate fertilizeis 

(2) Refining nf petroleum 1,420,000 — 1,100,- 
000 The acid is used to remove impurities from 
diffeient peti oleum pioducts, such as gasoline and 
keiosene, the impuiities, if not removed, would 
give the products a dark color, an unpleasant 
odor, and would cause deposits of waxy materials 
to form when the products were used as fuels or 
lubucants 

(3) Manufacture of chemicals 820,000 — 

986.000 This includes the production of hydro- 
chloiic acid and nitric acid, the sultates of the 
metals, such as aluminum siiKatc, alum, cupric 
sulfate, and feirous sulfate, and many other sub- 
stances, such as sodium carbonate and ether. 

(4) Manufacture of dyes and drugs 800,000 — 

770.000 Those products include diffeient sub- 
stances made fiom coal and coal tai pioducts 

(5) Pickling ol steel 600,000 — 700,000 
Before steel is coated with enamel, tin, or zinc 
(galvanized), the smface is cleaned of non rust 
by dipping the metal into a “pickling bath” 
of aoid 

(6) Metallurgical uses 560,000 — 600,000 
Certain metals, such as zinc and eoppei, are 
produced or puiified by the electrolysis of solu- 
tions of their sulfates, To purify crude copper, 
an impure anode and a puie copper cathode are 
placed in a bath of sulfuric acid. 
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(7) Paiats and pigments 200,000 — 450,000 

(8) Explosives 177,000 — 220,000 Sulfmic 
acid IS used to take up the water resulting from 
the leaotion between nitric acid and glycerine, 
cellulose, toluene, phenol, oi othei organic 
compounds 

(9) Nitrocellulose pioducts, textiles, stoiage 
batteries, and other uses 408,000 — 825,000 

27 Other Acids of Sulfur 

(1) Pyrosulfuno Acid. This acid is a solid 
(H2S2O7). Fuming sulfuric acid contains pyro- 
sulfuno acid dissolved in H2SO4 The salts of the 
acid aie made by heating bisultates 

2 NaHSOi — >- NajS.O, + HjO 

Hence, the piefix pyro which signifies fire 

(2) Thiosulfunc acid Tins is an unstable acid 
(H2S203) and is unknown in the fiee state The 
“odium salt of this acid, Na2S203, commonly 
called “hypo” by photographers, has been de- 
scribed on page 387 This is the only veiy im- 
portant salt of the acid The additional sulfur 
atom in the thiosulfate ladical has a negative 
valence of 2 and may be regaided as leplaomg one 
oxygen atom in the sultate radical (SOaS”) 

(3) Persulfunc acid Wlien moderately con- 
centrated sulfuric acid is electrolyzed the follow- 
ing reaction, producing peisulfuric acid, occurs 
at the anode 

2 HSOr — >- H2S2O3 -t- 2 electrons 

The elections lesponsible foi the negative charge 
of the bisulfate ions aie removed by the anode 
when these 10ns are discharged The salts of the 
acid can also be prepared by electrolysis, thus. 


K2S2OS is formed by electrolyzing a solution of 
potassium bisulfate. These salts aie vigorous 
oxidizing agents Then aqueous solutions slowly 
decompose, libciating oxygen and foiming the 
bisulfate When distilled under greatly i educed 
pressme, solutions of the acid or of ammonium 
persulfate form hydrogen peroxide (page 180) 

HiSsOs 4 - 2 H2O — >- 2 H2SO, + H2O2 

(4) Polythwmc acids, such as 1128300, H2S4O0, 
and HoSjOo, are also known They are produced 
by reactions between hydrogen sulfide and sulfiii' 
dioxide in water, and are called tnthioiiic, tetra- 
thionic, and pentathionic acid, respectively 
Then structures depend upon the ability of sulfur 
atoms to unite with each other by sharing elec- 
trons and upon the replacement of oxygen by 
sulfur in the sulfate radical (See structuial 
formulas below ) 

28 The Structural Formulas of Sulfuric Acid and 
Other Acids of Sulfur 

Sulfuric acid is sometimes lopieseiitcd by the 
formula S02(OH)2 This may be fuither ana^ 
lyzed by writing the electionic foimiila, 

0 

H:0 S 0 H 

" ' 9 - 

Nitrosyl sulfuric acid is 

•6 

H-O 8 0 N 6; 
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Other electronic formulas, shown below, represent 
the hypothetical structures of molecules of other 
compounds of a more or less complex nature. 
Persulfurrc acid; 

0 0 

Ho.sbofibii 

0 ” ’ 0 

Thiosulfunc acid 

.0 

H 0 S 0 II 

.s . 

Polythionic acids (tiithiomc) 

0 0 

H 0 S S S 0 H 

b 0 

29. Selenium and Tellurium 
Selenium was discoveied by Berzelius in 
1817 The name of the element was derived 
from a Greek woid meaning the moon Se- 
lenium, which IS closely related to sulfui , is 
found as the Iree clement or in the combined 
state in free sulfur, in non pyrites, and in 
certain sulfides A common souice is the 
dust that collects in the flues of pyrite buin- 
eis It IS also obtained in the olectiolytic 
purification of copper, nickel, and other 
metals that occur as sulfide ores Its most 
familiar allotropic forms are red (amor- 
phous) and gray (metallic) selenium The 
latter conducts the clectiic cuiient, and its 
conductivity depends upon the intensity of 
the light to which it is exposed For this 
reason, it is used to regulate the flow of 
cuirent in electric ciicuits that operate dif- 
ferent devices, to measure the intensity of 
the light from stars, and for other similar 
purposes It is also used to make colorless 
glass, which otherwise would have a slight 
green color due to the presence of fcirous 
(re++) compounds It may be used in 
laigcr amounts to make red glass Selenium 


IS also used in the manufacture of current 
rectifiers, pigments, ceiamics, uibbei ai ti- 
des, and in alloys of copper and m some 
stainless steels 

Tellur mm was discovered by Reichenstein 
and IGopioth about 1800, the name of the 
element signifies “the earth ” It occurs in 
small amounts in nature as the free element 
and in the combined state The most ividely 
distributed compounds of tellurium are those 
in which the element is combined with gold, 
lead, and silver These compounds are 
called tellui ides 

Telluiium is usually obtained m the sludge 
which collects at the anode when copper 
and lead are purified electiolytically It is 
much more metallic in appearance than 
either sulfur oi selenium Uses for it are in 
demand, since it is an abundant by-pioduct 
of coppei and lead refining Some is used 
to make easily machined alloys of copper, 
and its addition to lead makes that metal 
more lesistant and durable when used, loi 
example, in the lead-chamber piocess It is 
also used to impiove the physical properties 
of lubber, and it may be added to cast iron 
in order to produee a weai -resistant sur- 
face 

The relationships of sulfur, selenium, and 
telluiium are best seen by a comparison of 
their compounds (Table 28) Metallic prop- 
el ties, melting point, boiling point, and other 
corresponding propeities inciease from sulfui 
to selenium to telluiium The properties of 
telluiium are somewhat metallic in chaiac- 
tei , and its compounds are more like those 
ot metals than the compounds of either sulfur 
01 sclemum Tellurous acid is somewhat 
basic (as well as feebly acid) in chaiacLer, 
while tellui ic acid is too weak to cause 
changes in the colors ot indicators 

Selenium dioxide, SeOa, is used as an oxi- 
dizing agent in the production of several 
important organic compounds Compounds 
of both selenium and tellurium with certam 
metals, as well as selenium and tellurium 
themselves, can be used as catalysts for sev- 
eral reactions, the elements, for example, 
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TABLE 28 

Comparison of Sulfur, Selenium, Tellurium, and Their Compounds 



Sulfur 

Selenium 

Tellurium 

Element 

Melting point, 114 5 ° 
Boiling point, 444 5 ° 
Non-metallic 

Melting point, 688° 

Boiling point, 220 ° 

Chiefly non-metallic 

Melting point, 450 ° 

Boiling point, 1 390 ° 
Non-metallic but shows 
many metallic tenden- 
cies semi-metaliic in 
appearance 

Hydrides 

HsS 

Most stable 

Weakest reducing agent 

HsSe 

HoTe 

Least stable 

Strongest reducing agent 

Compounds vrith 
metals 

Sulfides (NajS) 

Selenides (CuSe) 

Tellurides (CuTe) 

Halogen compounds 

SFf„ S2CI5, SCI2, sell, 

SjBn, SOCI2 

Hydrolyze 

SeFc, S62CI2, SeCIi, 
SejBrj, SeBri, Sell, 
Sesb, SeOCIs 

Hydrolyze 

TeF|„ TeCb, TeCIi, 

TeBri, TeBr2, Telj, 

Tel>, TeOCb 

Hydrolyze 

Oxides 

SjOa, SO2, SO3, S2O7 

SeOz 

TeO, TeOs, TeOs 

Acids 

Sulfurous, HjSOj 
(reducing agent) 
Sulfuric, H2SO4 
(oxidizing agent) 
Hyposulfurous, H2S2O1 
Thiosulfuric, H2S2O3 
Dithionic, H2S2O5 
Pyrosulfuric, H2S2O7 
Persulfuric, HsSaOs 

Selenous, HjSeOj 
(oxidizing agent) 
Selenic, HsSeOi 

(powerful oxidizing 
agent) 

(Both HzSeOa and HjTeO 
agents than H2SO3 ) 
Tendency to form compi 
acid, decreases 

Tellurous, H^TeOj 

(fair oxidizing agent) 
Telluric, HoTeOn, 

HsTeOi (powerful 
oxidizing agent) 

ore weaker reducing 

ex acids, such as dithionie 

Salts 

1 Sulfites, NasSOj 

Sulfates, NosSOi 
(Also acid salts) 

Sulfides and acid sulfides 
Also salts of more com- 
plex acids such as 
thiosulfates. 

Selenites, NasSeOs 
(HsSeOs reacts with 
boiling HBr to form 
SeBri This shows 

the slightly basic 
charocter of the 
substance ) 

Seienates, Na2SeOi 

Tellurites, NasTeOs 

HzTeOs acts as base 
(TeO{OH)2), forming 
telluryl salts, as 

TeOCk 

Also neutralizes HI, 
acting as Te(OH)4 
to form iodide, Teh 
Tellurates, AgoTeO,,, 

AgsTeOi 


act as catalysts in the hardenniji, of tats 
(page 116) Some applications of the ele- 
ments or then compounds that have been 
more recently investigated include their pos- 
sible uses in lubiicants (as anti-oxidants), 
111 insecticides, in ceitain drugs, in dyes, in 


toning photographs, and in anti-knock gaso- 
lines 

Although fiequently considered as among 
the laier elements, almost 1,000,000 pounds 
of selenium and 200,000 pounds of tellurium 
are recovered, normally, each year 
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Review Exercises 

1 How was the molcculai foiinula of bullur 
vapoi shown to be Ss? 

2 Cornpaie and contrast sulfui and oxygen as 
membeiR of the same family of elements 

3 Suggest a method of piepaimg sulfur from 
each of the following hydiogen sulfide, snl- 
f 11110 aud, sodium sulfite, sodium sulfate 

4 Wiite equations which show the ionization 
of liydiosiilfiinc acid in two steps Wiite 
equations which show othei projieities ol 
hydrogen sulfide 

6 Wiite ionic equations foi the following leac- 
tinns 

(a) CuSO, + H.S — >- 
(h) Na 2 S + HOIi — >■ 

6 Suggest a leason for using chloiine as an anti- 
dote foi hydiogen sulfide m cases of poison- 
ing pioduced by the lattoi 

7 Wiitc an eiiuation using the valence-change 
01 eloctioii-tianstci method ot balancing to 
show tlie oxidation ot HaS in a solution con- 
taining HC’l and K 2 C 12 O 7 Chromium is 
1 educed to Ci+' ' 

8 How many liters of SO 2 under standard con- 
ditions can be prepared by burning the hydio- 
gen sulfide pioduced by the leaction 100 g 
ofFeSwithliCl’ 

9 How many millihtcis of HjS (under standaicl 
conditions) will be leqiiiicd to piecipitate 
completely the copper in 100 ml of 1 N 
cupiic sulfate solution? 

10 For what icasons is sulliii classed as a non- 
metallic element? 

11 Sumrnatizc the principal occuirences, physi- 
cal foims, and uses of sulfui 

12 iStai ting with a sample ol galena (Pbfs) show 
how you would prepai e in succession the fol- 
low ing substances sulliu dioxide, sodium 
sulfite, sodium tluosiilfate, sulfui 

13 How would you prepare a solution of calcium 
bisulfite? Show by an equation how this 
substance reacts with hydiochloiic acid 

14 Write equations to show how dilute sulfinic 
acid solution reacts with the folloiving sub- 
stances sodium sulfide, sodium caibonate, 
aluminum, sodium hych oxide 

15 Compare the piopertics of sulfurous and 
sulfuric acids. 


16 What weight of sulfur must be burned to 
form 10 liteiR of noimal sulfuric acid solu- 
tion? Assume that 8 O 2 is completely con- 
voited into H2SO4 

17 Explain the function of each part of a lead- 
chambei sidfuiic acid plant 

18 What conditions are most desiiable m canv- 
mg out the following reaction? 

2 SOo + O 2 2 HOj + 44,400 caloues. 

Wiat would be the adi'antage and the dis- 
advantage of using pme oxygen instead of 
air? 

19 Explain the nature of the reactions which 
occui in each of the following cases ( 1 ) when 
sulfuric acid is used as a dehydiatmg agent, 
( 2 ) when concentrated sulfuiic acid acts 
upon caihoii, (3) when concentiated sulfui ic 
acid is dissolved in W'atoi , (4) when concen- 
tiated sulluno acid leaots with sodium 
nitiate, (5) when a dilute sulfuric acid solu- 
tion has added to it a solution ol bauum 
chloiide 

20 Staiting with sulfui state how you would 
prepare the following substances in succes- 
sion feirous sulfide, hydrogen sulfide, sulfui 
dioxide, sulfuiic acid, sodium sulfate, sodium 
bisulfate, sothiim sulfate 

21 Ten gtams of a sample of commeioial sulfuric 
acid was mixed with 600 ml of water A 
25 ml sample of thi.s solution was titiated 
against 0 1 normal NaOH solution, and 50 
ml of the solution of the base was lequiied 
to neutralize it What was the weight of 
H 2 SOi m the oiigmal sample? 

22 How is sulfuiic acid used m the feitilizei in- 
(lustiy? Wliy IS it used in pieference to HCl 
Ol H|POi in this industiy? 

23 How IS sulfuric acid used m the manufactuie 
ol explosnes? What piopeities of the suh- 
.stanoe make it , suitable foi this ii.se? 

24 Why is sulfuiic acid used, instead of some 
othei acid, in libeiating HCl from chloiides 
and HNO 3 from nitrates? 

25 Gypsum is a veiy abundant substance in 
nature Why is it not used in the pioduotion 
of sultuiic acid? Suggest a scheme that 
might be used to conveit gypsum into sul- 
fuiic acid 

26 How would you determine whether a sample 
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of a given substance was sodium sulfite w 
budiiini sulfate? 

27 Give examples of the polythionic acids 
Why IS liSiOi called thiosulfunc instead of 
tlnosulfinous acid? 

28 Identity the following pyiosulfiuie acid, oil 
of vitiinl, nltrosylsulfuiic acid, plastic sulfur, 
mil sulfui, peisiiltunc acid, sulfnious acid, 
liydingen telhnide, selenic acid, hydiogen 
telluiitc 

29. Ten gums of sulfiu is converted into feiious 
sulfide, which is then treated with hydio- 
chloiic acid What volume of hydiogen sul- 
fide can be piofluced under standard condi- 
tions'^ la it necessary to know or to calculate 
the weight of non oi of fciious sulfide? 
Explain 

30 What is the maximum quantity of sulfui that 
can be pioduced finm 04 g of sulfur dioxide 
and 68 g of hydiogen sulfide when these two 
substances leact to Inim sulfui and wateii* 

31 Appioximately what standard volume of air 
is leqiiiied to pioduce one ton of sultuuc acid 
fiom sulfui by the contact piocess^ 

32 If 70,920 calories aie libeiated by burning 
one giam-atomic weight of sulfur in an to 
pioduce sultm dioxide, what quantity of heat 
IS libeiated m the foimation of 1 kilogiam 
of sulluiie acid (100 pei cent) fiom sultiii, 
oxygen, and watei? (The answei will be 
appioximate only, liecause the heat liberated 
depends to some extent upon the tempera- 
tuic at which the icactioii occurs ) 
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OTHER ELEMENTS OF THE 
NITROGEN FAMILY 


There is wo certain way of arriving at any competent 
knowledge except by experiment 

ROGER BACON 


1. Introduction 

The family of elements of which nitrogen 
IS a membei occurs in the B division of gioup 
five These elements, m addition to mtio- 
gen, aie phosphoius, aisemc, antimony, and 
bismuth The atoms ol each element have 
five elections in their outermost group, and 
consequently exhibit a maximum positive va- 
lence number of 5 The negative valence 
number is 3 The metallic piopeities in- 
crease toward bismuth, which is more like a 
metal than a non-metal The most im- 
portant compounds oi bisinutli are salts, 
such as bismuth nitrate, Bi(NOj)j, in which 
it has a positive elcctiovalence and exists as 
a positive ion, Bi'*“'^", just as sodium does m 
its compounds Nitiogen, on the other 
hand, at the top of the gioup is a iion- 
metallic element in every sense 


The similaiities and also some of the diffei- 
ences between the membei s of this family 
will be apparent as each is discussed in its 
turn It may be well, however, to show the 
family relationships by forming a list ol 
some of then compounds (see Table 29) 
Wc shall not attempt, at tins time, to make 
this list complete 

From top to bottom of the different col- 
umns m Table 29 the following variations 

OCClll 

(1) The hydrides (NIB, etc) become less 
stable 

(2) The ehloiides arc less completely hy- 
drolyzed NCI3 IS extremely unstable 

(3) The oxides and hydroxides (01 oxygen 
acids) become less acidic and more basic in 
chaiacter 


TABLE 29 

Some Compounds of the Nitrogen Family 


NHa 

NCla 


N2O3 

HNO2 

N.O5 

HNO3 

PH3 

PCI3 

PCh 

PiOc* 

H3PO3 

PiOio" 

(HPO3 

iH,POi 

AsHs 

AsCIa 

AsCIc 

As, Os* 

HAsOa 

AsgOh 

(HASO3 

(HaAsO, 

SbHa 

SbClj 

SbCIs 

Sb,Oc* 

HSbOi 

Sb 205 

( HSb03 
/HaSbOa 

B1H3 

B1CI3 


BuOo* 

Bi(OH), 

BuOs 

HB1O3 


I- Thcao ovidcB me fioquently lepic'ientod bj tin. wmploi foimulns, P2O3, P2O6, As^Os, Sb^Oa and BijOs, but 
the actual loimulas appeal to be those shown in the table 
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Table 30 shows a compaiison of othei 
properties of the five membeis of the family 

PHOSPHORUS 

2 History 

This element was probably discovcied by 
Brand, m 1669, dunng his attempts to find 
the philosophei ’s stone It was isolated by 
the reduction of phosphates found m excie- 
tions from the body Because of its peculiar 
pioperties, especially its tendency to glow 
m the dark, Biand was convinced that his 
seaich had been ended Great secrecy sui- 
loundcd the methods of producing it, and 
it lemained a lare and expensive substance 
until, ivith the development of piactical uses 
foi phosphoius, pioduction of this element 
on a laigei scale became possible and profit- 
able The method of producing phosphorus 
was rediscovered by Eobeit Boyle 

3 Occurrence 

Phosphoius does not occur free in natuic 
The most widely and abundantly distiibuted 


compound is calcium phosphate, Ca 3 (POi )2 
which occuis as the mincial phosphoriic or 
apatite, the latter also contains calcium fluo- 
ride 01 calcium chloiido The common name 
of mineral calcium phosphate is phosphate 
rock This is mined in Tennessee, Floiida, 
Wyoming, Idaho, and Montana and is used 
as a source of phosphoius, its compounds, 
and phosphate fertilize! s It also occurs m 
many other parts of the woild Calcium 
phosphate is piescnt m all soils, unless the 
supply has been depleted by the continued 
giowth of mops It is not very soluble, 
hence, when used as a fcrtilizoi, it is usually 
conveited into the moic soluble acid phos- 
phates Fiom this somce plants obtain the 
phosphoius which is found, ns vanous or- 
ganic compounds and as phosjihates, in then 
structuies and pioducts, particulaily m the 
geims of seeds The esseni-ial mineral fiom 
which bones aic built m the animal body is 
calcium phosphate Othci' foims of phos- 
phoius aie found m the biain, muscles, and 
ncives Phosphates occur in blood, m urine 
and in vanous secretions of the body About 


TABLE 30 

Some Properties of Elements of the Nitrogen Family 


Elemenf 

Density 

Melting point 

Boiling point 

Physical state 

Chemical 

character 

Nitrogen 

1 2506 g 
per liter 
(standard) 

-210° 

-195 8° 

Colorless gas 

Acid-forming 

Phosphorus 

(White) 

1 82 g 
per ml 

44.1° 

280° 

Wox-like 

solid 

Acid-forming 

Arsenic 

(Gray) 

5 73 

Sublimes 

— 

Gray, 

crystalline 

solid 

Acid-formirig 

Antimony 

6 68 

630 5° 

1300^ 

Lustrous, 

oiystalline 

solid 

Acid and 
base-forming 

Bismuth 

9 00 

271° 

1450° 

Pinkish, 

lustrous, 

crystalline 

solid 

Chiefly 

base-forming 
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one pei cent of the weight of man’s body 
consists of this element 

4 Allotropic Forms 

There are two lamiliai forms of phos- 
phoius, yellow (or white) and ?cd The red 
vaiiety is not a distinct form but is thought 
to consist of phosphoius that has been con- 
verted only partially into a uiolet modifica- 
tion The pure violet allotropic modifica- 
tion of phosphoius can be piepaicd only with 
difficulty It has been made by dissolving 
phosphorus in lead and then allowing it to 
sepal ate by ciystallization It is a moie 
stable form of the element than the yellow 
vailety Black phosphoius is prepared by 
subjecting other foims of the element to 
about 4000 atmospheies at an elevated 
temperatuie 

5, Yellow Phosphorus 

T hi s is the ioim which is moat famihai, 
because it possesses the properties usually 
associated with the element It is leally 
neithei yellow nor white, but coloiless when 
puie It IS semi-tianspaient, soft and waxy, 
and has a gailic-hke odor It melts at 44° 
and boils at about 280° It does not dissolve 
in water but is icadily soluble in caibon di- 
sulfide, olive oil, and ceitain othei oils and 
01 game solvents The vapor consists of 
molecules of Pr Yellow phosphorus is very 
poisonous Its use in making matches was 
long ago discontinued, because the match- 
factoiy woikeis contracted the disease 
known as “phossy-jaw ” 

Chemically, it is vciy active It combines 
readily with the halogens and oxygen at 
oidinaiy tempeiatuics, and ignites in air at 
about 30°, its kindling point The oxides, 
PiOfl and PjOio, aie produced by this leaction 
It IS stored undei water When exposed to 
water and an simultaneously, it is slowly 
oxidized and, at the same time, some of the 
oxygen is converted into ozone The glow- 
ing of phosphorus in the dark is due to light 
which is emitted during slow oxidation The 
name phosphorus comes from this phos- 


phorescence of the substance This emission 
of light is peculiar and interesting The 
fight IS not the result of incandescence (as 
in an electric lamp), for the temperature is 
far too low A portion of the energy re- 
leased during the reaction is liberated di- 
lectly as light instead of heat 

6 Red Phosphorus 

When yellow phosphorus is heated m the 
absence of air, it is changed into what is 
commonly called led phosphoius At ordi- 
nary tempeiatuics, the change is exceed- 
ingly slow in the daik, but the effect is read- 
ily noticeable m phosphoius that has been 
stoiod in the light foi some time The tran- 
sition IS much more rapid at 200°-300° 
It IS also accelerated by light and by the 
presence of lodme When heated, red phos- 
phorus sublimes, forming vapor composed 
of molecules of Pi Upon condensation of 
the vapor, the yellow loim is produced 

The piopeities of red phosphorus are very 
much different from those of the yellow 
vaiiety It does not react noticeably with 
oxygen oi with the halogens at low tempera- 


B 



Figure 232 An Electric Furnace in Which 
Phosphorus is Produced 

The charge, consisting of phosphate rock, coke, and sand, 
IS fed hto the furnace from B by means of Ihe screw W 
The volatilized phosphorus passes out of the furnace 
through the tube leading to the condenser 
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tures, and ignites only when heated to about 
260° Le.ss heat is hbeiated when one giam 
of led phosphorus bums than is liberated in 
the combustion of one gram of the yellow 
form The foimer, theiefore, contains less 
energy and is the moie stable variety It 
does not dissolve in carbon disulfide and is 
not poisonous It melts at about 600° under 
increased pressure, has no odoi, and is 
slightly more dense than yellow phosphorus 
(2 3 as compared to 1 82 g per ce ) 

7. Preparation of Phosphorus 
The clement is produced by the i eduction 
of the phosphorus m mineral calcium phos- 
phate or bone ash ivith carbon in an electric 
furnace (Figure 232) Heat is supplied by 
the resistance encountered by the current in 
passing between the electiodes at the bottom 
of the furnace Sand (silica, S 1 O 2 ) is added to 
react with the calcium phosphate to form 
calcium silicate 

2 Ca 3 (P 04)2 -f- 6 S 1 O 2 — >- PiOio -[- 6 CaSiOs 
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Figure 233 Tapping an Electric Furnace Used to 
Produce Ferro-Phospherus 
A stream of molten ferro-phosphorus is running 
from the furnace. 
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Caldium silicate is the slag, and sand acts as 
a iiLx The melted slag is drawn off through 
the outlet (S) at the bottom of the furnace 
The carbon reduces phosphorus pentoxide 

P 4 O 10 + 10 C — 5- 10 CO -t- P, 

The volatile phosphorus escapes as vapor, 
and is condensed to a liquid , thus it is sepa- 
rated fiom the caibon monoxide, which 
escapes from the furnace with it The liquid 
phosphoius is then uin into molds and cast 
into sticks 

8. Uses of phosphorus 

Wlien it burns m moist air, phosphoius 
foims phosphorus pentoxide, P 4 O 10 , which 
leacts ivith water to form a fog composed of 
small droplets of a solution of phosphoric 
acid This cloud can be used as an effective 
smoke-scieen Phosphoius is also used m 
making mcendiaiy shells and grenades The 
use of phosphorus, and its compounds, in the 
manufacture of matches was intioduced 
about 1825 The element is also used in pro- 
ducing phosphoi-bionzes and in manufactur- 
ing certain compounds of phosphoius, sucl" 
as the chloiides, PCI 3 and PCU, and the 
sulfide, P 1 S 3 Small quantities are utilized 
m manufactiumg a rat poison 

9 Matches 

The ordinaiy fiiction match depends upon the 
ease with which led phosphoius 01 compounds 
of phosphorus can be ignited. The fiist matches 
of this land contained white (01 yellow) phos- 
phorus, but its use was latei pioliibited by laws 
and other regulations m all countiies, because 
it caused disastrous fires and was a souice of 
danger to the health of employees m the match 
factories Phosphorus cause.s neciosis — decay 
— of bones, usually the bones of the jaw, it first 
enteis the teeth as phosphoius vapor through 
decayed portions, and its action is then extended 
to the bones in which the teeth are set, 

The type ot match that is “shuck’' by lublnng 
its head upon almost any type of smface (the 
more fiiction the bettei) contains the following 
materials a layer of paiaffin on the “head-end” 
of the stick, an oxidizing agent, such as potassium 
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Figuro 234 Phosphate Rock 
The out-cropping of rock is called “horse 


chloiate, ami conilnihtiljlo buhhtunccf, (paialhn 
and feulfui) Glue is als,o pics-ent in the head, 
this acts as a binding agent The head also con- 
tains some fillei such as clay, staich, oi plastei 
of Pans, and sometimes an abrasive inateiial, 
such as fine sand oi gi onnd glans The tip on tlie 
head ol the match contains, in addition to the 
substances in the rest of the head, pbosphoiiis 
sesciuisiilfide, I’lMs d'his substance is ignited 
when it is heated by the Inction pioduoed when 
the match is nibbed against some object The 
comliustion of this substance tlien staits the ic- 
action between siilfui (oi some othei combustible 
matenal) and the oxidizing agent (KCIO3 ) 
This, m turn, ignites the paiaffin, and eventually 
the wood, itself, begins to bum 
The safety match is “stiuck” by lubbing it on 
the side of the box The head of the match con- 


tains an oxidizing agent, sucli as iiotassimn chlo- 
iate, and a leadily combustible substance, the 
lattei is usually antimony sulfide (SbaSs) The 
side of the box is coated with a mixtme of glue, 
anabiasive (to inciease fiiction), red phosphoms, 
and an oxidizing agent This match is somewhat 
safei than the “sluko anywhoie” vaiicty, since 
the matenal m the head of the match is not 
easily ignited, except on the special suilace pio- 
xided on the box It is leally the phosphoius on 
the box winch fiist ignites when the match is 
“htiiick ” 

10 Phosphine 

This compound, which has the formula 
PII3, coiiesponds to ammonia, NH3 It is a 
veiy poisonous gas and possesses an offer) - 
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give odor Phosphine reacts with hydiogen 
chloride to form phosphonium chloride, 
PH4CI, which, although it coi responds in 
composition to ammonium chloride, NHiCl, 
does not produce PH4‘^ 10ns in solution In- 
stead, it decomposes, in the presence of 
water, to form phosphine 

Phosphine is usually prepared by heating a 
solution of concentrated sodium hydi oxide in 
which small particles of yellow phosphorus aie 
suspended 

3 (Na+ + OH-) -t- 3 II^O -f- 4 P — 

3 (Na+ + HjPOr) + PHs 

All IS first lemoved from the flask (Figure 236 ) 
by passing a stream of illuminating gas thiough 
it Phosphine is formed and escapes through the 
doliveiy tube which has its outlet just below the 
surface of the water As the bubbles escape into 
the ail, the gas is ignited, and the oxides which 
aie formed float away in the form of rings It is 
thought that another hydiide (PaHj) is pioduoed 
in small quantities along with PHj, and that this 
second hydude is responsible foi spontaneous 
combustion, which occurs as soon as the gas 
comes into contact nith air. 

Phosphine is also prepaied by the reaction of 
water with calcium phosphide 

CajPa + 6 H2O — y 3 Ca(OH)2 + 2 PH, 

11. Chlorides and Other Halides 

The chlorides, PCI, and FCh, aie repie- 
sentative of the compounds that phosphoius 



Figure 235 The Production of Phosphine ond Its 
Spontaneous Combustion in the Air 
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forms with all of the halogens All of these 
halides aie piepared by the direct combina- 
tion of the elements Phosphorus tri-iodide, 
for example, is formed by grinding red phos- 
phorus and iodine togethei in a moitai 
The chloiides aie the most important of the 
halides of phosphorus The trichloride is a 
fuming, colorless liquid, the pentachloride is 
a yellow solid They aio used in the prepa- 
ration of certain compounds in oiganic chem- 
istry Both the tiichloiide and pentachlo- 
nde react with watci (hydrolyze) to form 
HCl and an acid of phosphorus 

PCh -H 3 HOH 3 IICI + H 3 PO 3 

PCU + 4 HOH — 5 liCl -1- PI 3 PO 4 

Similar icactions of PBiq and PI3 mth 
watei will be lecalled as methods of pioduc- 
ing pule hydiobromic and hydiiodic acids 
(page 347 ) 

12 Oxides 

The two best known oxides of phosphoius 
aiothe anhydiides of phosphorous and phos- 
phoric acids Both oxides are white solids 
Their simple foimulas aie P2O3 and PjOs, 
and these are frequently used to lepiesent 
the oxides, but the actual moleculai foimulas 
appeal to be P40b and PiOio, lespectively 
The lattei, usually called the pentoxidc, is 
produced by burning phosphoius — eithei 
led 01 yellow — in an excess of oxygen The 
tnoxide is pioduced, along ivith some pen- 
toxidc, if the supply of oxygen is limited 
It can be sepaiated from the pentoxide by 
heating the mixtuie to about 17 . 6 °, at which 
temperature the tnoxide is readily vapoi- 
iscd, the pentoxide 13 less volatile The 
tnoxide is a reducing agent, hut the pentox- 
ide IS veiy stable and, oidinaiily, shows 
neither oxidizing nor 1 educing piopeities, 
although it can be reduced, as in the pro- 
duction of phosphoius in the electiic furnace 
Because of the pronounced tendency of the 
pentoxide to leact with watei, foiming phos- 
phoric acid, this oxide is a poweiful diying 
agent There is also a teti oxide, P2O4 
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13. Phosphorous Acids 

riiosphoi'us tiioxide icac.ts with watei to 
form phosphorous acid 

PdOo + 6 H 2 O ^ 4 HaPOa 

The acid is usually piepaicd, however, by 
the hydiolysis ot PCI 3 It is an active ic- 
ducing agent and a iveak dihasic acid, the 
third state of the ionization is negligible, 
even in dilute solutions Its bodiuin salts 
(phosphites) aie NalioPOa, NasHPOa The 
phosphites aie used in medicine The foi- 
miila H 3 PO 3 IS assigned to the compound 
called orthophosphorous acid In the pies- 
ence of limited amounts of watei and imdei 
the proper conditions of tempciatuie, the 
following phosphorous acids — theoi etieally 
at least — may also be for med 

P 3 O 6 + 4 I-PO — > 

2 IT 1 P 2 O 6 (pyiophosphoious) 
PdOfl + 2 I-W — 

4 PIP ()2 (mctaphosphorous) 

Only the orthophosphoious acid is well 
known 

The salt NaH2P02, which is made in the 
preparation of phosphine, is an acid salt of 
hypophosphorous acid (Ii3P02) . All the salts 
of this acid are the pi oducts of the first stage 
of ionization — the acid is monobasic The 
hypophosphites aie used in medicine. 

14. Phosphoric Acids 

Theie is no acid that coiiesponds exactly 
to the hypothetical hydroxide, P(OH) 6 , as 
PI 3 PO 3 coiiesponds to P(OH )3 There aie, 
howevei, thiee acids of which the oxide P 4 O 10 , 
IS the anhydride, and which may therefoie 
be called phosphoiic acids These three acids 
ditfci in composition and in properties, then 
relations to the anhydride are shown by the 
following equations 

PiOio + 6 PI 2 O — ^ 4 IlaPOd 
PdOio + 4 H 2 O 2 H 1 P 2 O 7 
PdOio + 2 H 2 O — 1 - 4 HPO 3 

The acids aie named ortho-, pyro-, and metor- 
phosphoric acid, respectively 


15. Pyrophosphoric and Metaphosphoric Acids 

The piefix pyro lefeis to the foimation of 
pyiophosphoiic acid by heating orthophos- 
phoiic acid to 200-250° 

2 H3PO4 — +• H4P2O7 + H2O f 

If the ortho acid is heated to a highei tem- 
peratuie (400-500°), metaphosphoric acid is 
produced 

H 3 PO 4 —I- IIPO, + H 2 O t 

Both of these acids aie white, ciystalline 
compounds Pyiophosphoiic acid is tetra- 
basic The sodium salt of this acid, Na 4 P 207 , 
is used in some soaps and soap powders as a 
water softener Metaphosphoiic acid can 
be melted, and the liquid upon cooling foims 
a glass-liko solid, sometimes called glacial 
phosphoiic acid, which dissolves the oxides 
of metals The compounds thus formed — 
phosphates of the metals — have diffeicnt 
colors, depending upon the metals involved 
Some ot the tests foi certain metals are based 
upon the formation of such compounds 
Metaphosphoric acid exists in diffciont 
polymenzed molecular forms, such as 
(HPOj) 2 , (HP 03 )i, and (PIPOs)^ Sodium 
hexametaphosphate, Naa(P 03 )o, is used in 
softening water 

16. Orthophosphoric Acid 

This IS the most important of the three 
phosphoiic acids The pyrophosphoric and 
metaphosphoiic acids aie readily converted 
into this form in the presence of water An- 
hydrous oithophosphoiic acid (hydiogen 
phosphate) is a colorless, ciystalline sub- 
stance (m p 42°) The ubual form m ivhich 
it IS provided for use is a syiupy solution 
containing about 85 pei cent of PhiPO^ This 
acid is prepared by the action of conccn- 
tiated sulfuric acid upon calcium phosphate 
The calcium sulfate precipitates and may 
be removed by filtration 

Ca3(P04)2 + 3 H 2 SO, 

3 CaS04 + 2 HaPO^ 
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It IS also produced for commcicial use by 
burning the vapoi of phosphouis in the an 
and allowing the oxide formed by the com- 
bustion to react with watoi In the laboia- 
toiy, it can be piodiiced by the oxidation of 
led phosphoius with nitiic acid 

Oithophosphoiic acid is tribasic and is ion- 
ized to a model ately high degiee (page 237) 
The thud stage of ionization occuis only 
slightly except in a veiy dilute solution 

H3PO4 -^Il+d-I-bPOr 
HaPOr — H+ + HPOr 
HPOr — > Ii+ + PO4" 

] 7 Salts of Orthophasphonc Acid 

Coi responding to the thiee stages of ioni- 
zation, the acid foims thiee sciies of salts 
The sodium salts and the names commonly 
applied to them aie as follows 

NaH 2 P 04 Monohodium phosphate 

Piimaiy sodium phosphate 
Dihydiogen sodium phosphate 

NajHPOi Disodiiim phosphate 

Secoiidaiy sodium phosphate 
Monohydiogen sodium phosphate 

Na3P04 Tiibodium phosphate 

Teitiaiy 01 noimal sodium phosphate 

Because of the veiy slight degiee of ioniza- 
tion of the IIPOi“ and Il2P04“ ions, noimal 
sodium and potassium phosphates aie rathei 
strongly hydrolyzed m aqueous solutions 

(3 Na+ -h PO 4 -) + I-IOH 

(Na+ + Oir) + (2 Na+ -b I-IP 04 =) 

3 (Na+ + P 04 =) + 2 HOH 

2 (Na+ + Oil-) -b (Na+ -b HjPOr) 

Because it leacts m this manner to loim 
a solution of sodium hydroxide, tiisodiiim 
phosphate is used m some soap powdeis and 
also alone as a cleansing agent 
When normal calcium phosphate (Caj- 
(P 04 )j) IS tieated with sulfunc acid the 
pi unary (acid) phosphate is piodiiced 

Ga3(PO.i)2 + 2 H 4 SO 1 — > 

2 CaSO^ + Ca(H2P04)2 


The noimal phosphate is practically insol- 
uble, while the piimaiy salt is much more 
soluble The lattei is commonly called 
^i/pc7 phosphcito If the normal salt is used 
as a fertilizer, it is not readily available foi 
plant nutntion because it is veiy slightly 
soluble It IS foi this leason that phosphate 
lock IS tieated with sulfunc acid (page 505) 
m the manufacture of fertilizers The pii- 
maiy salt IS moie readily soluble and is 
thciefoie moic available foi plant use The 
calcium sulfate is not sepaiatcd, but forms 
a part of the piepaied feitihzei, and proba- 
bly IS of some value itself 

Ordinary supei phosphate fertilizcis con- 
tain only about 16 pci cent ol available and 
useful feitilizmg ingicdients A moie con- 
centiated foiin, containing up to 50 pei cent 
of available PiOw, is moie dcsiiable iiom the 
point ot view of tianspoitatioii costs The 
less concentrated foim is not so likely, hoiv- 
ever, to cause damage to plants, the moie 
conceiitiated foim must be distributed over 
the soil moie carelully and vshoiikl bo diluted 
with soil or othci filleis befoie it is used 
During a recent year, 3,300,000 tons of lock 
phosphate in the foim of supci phosphate 
feitihzeis and 80,000 tons of the powdered, 
Lintieated phosphate were used in the 
United States Close to 300,000 tons were 
used to make phosphorus, phosphoric acid, 
and other compounds of the element 

Miciocosmic salt (NaNHjHP04) is an example 
of a imxed salt The mixed salt, MgNHiPOi, is 
foimed, as a white oiystallme precipitate, 111 one 
ol the commonly used tests fni either magnesium 
Ol phosphate ion The heavy metals, such as 
silver and lead, foim only noimal phosphates 
These aie only slightly soluble 

Phobphoiio acid is used m soft dunks and in 
mahiig ceitain fertilizer, such as ammonium 
phosphate Its salts aie used as feitilizeis, in 
baking powdeis (page 384 ), as cleansing agents, 
and in softening watei, in fiiepioofing fabiics, 111 
weighting silk, in making yeast, and in clai dying 
biigai solutions 

Salts of pyrnphosphoiic and metaphosphonc 
acids aie piepared by heating acid salts of 
oithophosphoiic acid. 
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2 ^ Na 4 P 207 -f" H 2 O 

Sodium iiyropboaphftte 

NaH2P04 — ^ NaPOa + H2O 

Sodium metaphoaphate 

Sodium nietapliosplmte is veiy stable. The 
liquid formed when the salt is melted cools to 
give a glass'like solid. When heated with oxides 
of certain metals, it dis.solves them, foimmg 
vaiiously colored substances that can be used 
as a means of identifying the metals whose oxides 
aie dissolved Thus, eobaltous oxide (CoO) 
and sodium metapbosphate foim the mixed phos- 
phate NaCoP 04 , when they are heated together. 
This compound lias a beautiful, oleai blue color 

18 Salts of Phosphoric Acid os Buffers 
Let us consider the reactions that occur 
in aqueous solutions of the three sodium 
salts of oithophosphoric acid — NaH2POi, 
NajHPOi, and Na^POi In a solution of the 
normal phosphate, POr ions arc liberated 
Smee the ion HPOr is only very slightly 
ionized, the phosphate ion, POr, tends to 
react with watei to foim I-IP04“ and OH“ 
10ns Theicforo, the concentration of the 
hydioxyl ion increases, and the solution of 
the normal phosphate is strongly alkaline 
A solution of the secondary phosphate, 
Na2HPO(, contains HPOr ion which reacts 
with water as a base' 

( 1 ) HPOr -h HOH z^ifrlHPOr + OH- 
It may also act as an acid 

(2) HPOr + H2O H3O+ -1- PO4- 

But HPOr IS a much stronger base than 
acid, and hence a solution of the secondary 
phosphate is also alkaline m reaction, but it 
is not so strongly alkaline as a solution of 
tnsodium phosphate Primary sodium phos- 
phate, NalLPOi, forms, in a solution, H2P04“ 
10ns which can act as an acid 

( 1 ) H2PO4- -f HaO — >-H 40 + -h HPOi- 
or as a base, 

(2) HsPOr + HOH H4PO, + OH-. 

But H 2 P 04 “ is a stronger acid than base; 
and hence it produces more H2O+ ions (re- 


action 1 ) than OH~ ions (reaction 2 ) Con- 
sequently, a solution of the pnmary phos- 
phate is slightly acid in reaction. 

For the reasons explained above, solutions 
of primary and secondary phosphates are ex- 
cellent bujfers which can be used to control 
the concentration of the hydiogen ion. In 
the presence of HPOr and H2P04“ 10ns, 
the concentiation of the hydrogen ion does 
not change much, if any, from a definite 
value, even though small quantities of acids 
or bases may be added to the solution If 
hydrogen 10ns are added, they will combine 
with HPOr to form H 2 P 04 ~, and if OH“ 
10ns are added, they will react with protons 
supplied by H2P04~ and thus be converted 
into molecules of water 

19 Phosphorus and Nitrogen 

Phosphorus is more closely related to 
nitrogen, in a chemical sense, than any of 
die other mombeis of the family This re- 
lationship IS evident m a number of ways 
The oxides of phosphoius resemble NjO^ and 
N2O6 in reacting with water to foim acids, 
they do not act as bases Both elements, 
acting as non-metals, form similar com- 
pounds with the metals, phosphorus foims 
phosphides, and nitrogen foims nitiides 
(CasPs and Mg 3 N 2 ) Neither element foims 
salts in which it acts as a cation Nitrogen’s 
properties, as a non-metal, aic somewhat 
more strongly marked, howevei , than those 
of phosphorus Phosphorus, foi example, 
shows a much stronger tendency to react 
with other non-metals, forming very stable 
compounds with oxygen, and fairly stable 
compounds with chlorine and sulfur The 
stability of these substances is great m con- 
tiast with the instability of the coirespond- 
mg compounds of nitrogen Nitric acid and 
the nitrates are active oxidizing agents, 
phosphoric acid and the phosphates are re- 
duced only with difficulty 

ARSENIC 

Arsenic compounds have long been known 
They were the poisonous substances most 
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often used in the poison plots of antiquity 
The alchemists weie acquainted with the 
oxide, As^Oj Ceitain brightly coloied ar- 
senic compounds weie used by the Gieeks 
and Romans as pigments The most im- 
portant use of aiscnic compounds today de- 
pends upon their poisonous chaiactci, for 
they aie employed as insecticides 

20. Occurrence 

Small quantities of arsemc are found 
natuially in the fiee state, but the piincipal 
souices are the sulfur compounds orptment 
(AS2S3) , realgar (AsiSs) , and arsenopynte 
(FeAsS) Wheievei we find sulfide ores of 
the metals, such as lead, copper, zinc, and 
iron, theie too we aie likely to find sulfui 
compounds of aisenic Iron pyrites (FeS2) 
always contains some arsenic, which tends to 
poison the catalyst in the contact process of 
manufacturing sulfuiic acid Metals pre- 
paied fiom sulfide 01 es usually contain some 
aisenic, unless they are caiefully refined 
Most of the arsenic produced in America 
comes from the dust that collects in the flues 
of copper-ore smelteis Some is also obtained 
from the dust that collects in the process of 
smelting the 01 es of othei metals, such as 
lead and gold When the sulfides of these 
metals are roasted, pieparatory to then le- 
duction to the metals, aisenic sulfide is con- 
veited into the oxide, AS4O6, which is fre- 
quently written as AS2O3, the simplest for- 
mula This oxide is volatile and condenses 
in the dust that collects m the flues of the 
furnaces Some fiee aisenic may also be 
volatilized, especially in furnaces in which 
arsenopynte is roasted 

FeAsS— >FeS + As 

21. Preparation 

The element is prepared by reducing the 
tnoxide (AsjOe) with carbon 

AsiOe + 6C — >- 6 CO-t- 4 As 
22 Properties 

Aisenic has an appearance something like 


that of a metal, but lacks strength and can 
be easily broken up into small particles It 
IS a dark gray, ciystalline solid It sublimes 
readily, giving a yellow, poisonous vapor 
which has the odor of gaihc The molecules 
of the vapor correspond to the formulas Asi 
01 As2, depending upon the temperatuie. It 
occurs in at least three allotropic forms, but 
giay arsenic is the only one of any impor- 
tance, the others are veiy unstable, changing 
quickly, even at ordinary temperatures, into 
gray arsenic. 

Chemically, arsenic resembles phosphoius in 
many ways The mam difference between the 
piopeities of the two elements is a slightly gi eater 
tendency of aisenic to act as a metal This is 
by no means a pronounced tenriency It is best 
illustiated by the slightly basic chaiacter of the 
tiioxide and of the compound which this substance 
foims with water This substance is a weak acid, 
HaAsOa, but it must also posse.ss at least veiy 
slightly ba.sic propeities, and theiefore acts as a 
hydioxide, As( 0H)3. With highly coiicentiated 
solutions of hydiochloric acid it reacts as a base 

As(OH) 3 + 3 (H+ d- Cl") AsCla -h 3 H 2 O 

This reaction is leveisible and under oidinaiy 
conditions tends to urn stioiigly to the left be- 
cause of the extremely weak basic chaiaotei of 
AsfOHla To force it toward the right, the con- 
centration of HCl must be very great In other 
words, the concentration of OH~ ions pioduced 
when As(OH) 3 acts as a base is veiy small, hence 
the concentration of the H+ ion must be very 
large in order that the ion product of water, 
[H] X [OH ] = 1 X 10~“, may be exceeded to an 
appreciable extent, and water molecules may be 
foimed Arsenic trichloride resembles the chlo- 
rides of phosphorus moie than it does the chlo- 
rides of the metals, it is, for example, almost 
completely hydrolyzed 

Aisenic oxidizes but slowly at ordinary 
temperatuie in moist air It ignites at about 
200 , foiming a white smoke which consists 
of the tnoxide It burns in chloiine to form 
the tnchloride, AsCb, and combines with the 
othei halogens to form similar compounds 
It also reacts directly with sulfur With the 
metals it forms arsemdes. It is a reducing 
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agent; nitric acid, for example, oxidizes it to 
aisenic acid (H3ASO4) Unlike the metals, 
it will not displace hydrogen fiom HCl But 
in the presence of oxygen it does dissolve in 
a concentrated solution of this acid, probably 
because it is first oxidized to the oxide, 
As^Oo, which then leacts as a weak base with 
the acid, foiming the soluble chloride, AsCh, 
and water 

23. Uses 

Flee arsenic is used in manufacturing cei- 
tain bionzes and other alloys, lead shot, 
and compounds of the element In making 
shot, arsenic is added to form harder and 
more nearly spherical diops of lead Shot is 
made by pouring melted lead thioiigh a 
screen which breaks up the liquid into a gieat 
many small diops When pure lead is used 
the liquid diops change very quickly to the 
solid state When ai sonic has been added, 
the diops solidify more slowly, allowing more 
time for the small masses of liquid lead to 
attain spheiical foim The presence of ar- 
senic in other alloys increases the lustei, 
strength, hardness, fluidity, and lesistance 
to ceitain chemical actions 

24 Arsine 

Analogous to phosphine and ammonia is 
the aisenic compound, aisine (AsIU) This 
substance is a gas which has a “gaihc” odoi 
and IS extremely poisonous Unlike am- 
monia it does not leact with watei , in fact, it 
does not even dissolve, and it foims no salts 
similar to the ammonium salts It is un- 
stable, decomposing into the elements when 
only moderately heated It bums with a 
slightly blue flame to foim water and to 
deposit aisenic, if the supply of oxygen is 
limited, but m an excess of air the aisenic is 
oxidized to AS4O0 Arsine is produced by the 
action of atomic hydiogen upon the com- 
pounds of aisenic 

H3ASO3 + 6 (H) — 3 H2O -b ASHa 

The atomic hydrogen is usually supplied by 
the action of an acid upon a metal, such as 


arsemc-fiee zme, in the presence of the ar- 
senic compound 

25. Marsh's Test for Arsenic 

The test toi aisomc which is veiy widely used 
depends upon the foimation and decomposition 
of arsine (Figure 236) Hydrogen is generated 
in the flask, dried by means of calcium chloride 
m a drying tube, and ignited at the end of the 
glass tube The substance to be tested for the 
piesence of arsenic is then introduced thiough the 
thistle tube If this substance contains aisenic, 
arsine is formed and escapes along with the 
hydrogen When the glass tube is heated at some 
point between the outlet and the diymg tube, 
the aisine is decomposed at this point, and a 
deposit oi anseuie is formed just beyond the 
heated portion of the tube This deposit is in the 
form ol a linght, metallic mn ror The zinc and 
hydiochloiic acid should be checked for the 
piesence of aisenic befoie the matenal to be tested 
is placed m the flask 

2 Asli, — >- 2 As -(- 3 lU 

26 Oxides 

Aisenious oxide, better known as the tii- 
oxide, AsiOu, IS the substance commonly le- 
feried to as “aisemc” or “white arsenic ’’ 
It is produced by the combustion of the ele- 
ment or its compounds, but the principal 
commercial source of this compound is the 
dust of coppei, lead, and gold smelteis 
Most of the compounds of arsenic are pio- 
duced fi om this oxide It may be obtained 
in three allotropic foims of which one is 
amoiphous and two are crystalline It has 



Figure 236 Diagram of Apparatus Used in the 
Marsh Test for Arsenic 
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a sweet taste and is exticmely poisonous 
It IS used chiefly in the preparation of in- 
secticides for spiaying, fiuit trees and vege- 
tables, for use in animal dips, foi killing the 
boll weevil in cotton fields, and so on It is 
also used to preseive fuis, stuffed buds and 
animals, and skins Certain compounds 
made from it are used as poisons foi rats, 
flies, and ants, as pieservatives foi wood; 
as mordants in dyeing, and as weed-killeis 
Some Is also used in decolorizing glass and in 
making enamels and opaque glass Various 
compounds made from it aie used in medi- 
cine, the best known of these compounds is 
salvaisan, used in the treatment of syphilis 
Persons called upon to make unusual exer- 
tions sometimes take doses of arsenic triox- 
ide to increase theii enduiance, mountain 
climbeis are said to use aisemc oxide foi 
this puipose The dosage may be incieased 
gradually until the quantity taken at one 
time Would be fatal to a peison unaccus- 
tomed to its use The trioxide is slightly 
soluble in cold watei and more readily sol- 
uble at highei temperatiucs 
Arsenic oxide, commonly called the pen- 
toxide, AsjOs, cannot be produced by binn- 
ing aisenic in an excess of air It is made by 
heating arsenic acid, of which it is the 
aiiliydiide, until the water is expelled, 

2 H,As 04 — AsaOs -h 3 tbO i . 

27. Acids and Their Salts 

A solution of arsenic tiioxide in water 
contains, probably, thiee veiy weak acids 
These correspond to the loimulas H,A&0, 
(oithoaiseniou.s), IMs^Ob (pyroai.senious), 
and HAsOi (metaarsenioiis) None oi these 
has been produced in the pure state How- 
evei, salts ol all of these acids have been 
piepaied The sodium or potassium salts 
coi respond to the meta form of the acid and 
mo, thciefoio, metaaisemtes (KA&O2 and 
NaAsOj) The heavy metals form oitho- 
aiscmtcs, such as Pb^fAsO,)!, AgjAsOs, etc 
ho most impoitant salts ol aisemous acid 
aie those of coppei 


Bcheele'& greon ('CuHAsOg) 

Pans green (Cu4(C2Hi02)2 (As03)2) 

These compounds aie used as pigments and 
as insecticides 

Aisemc can be classified as an almost strictly 
acid'lorming element, although arsenic tnnxide 
with the compound that it foims with watei ~ 
aiscnious acid nr hydi oxide — acts to a veiy 
slight extent as a base as well as an acid (page 
520) Thn.s the oxide leacts with sodium hydi ox- 
ide to form sodium aisonito, NaAsOj, which is a 
salt of metaaiseninus acid 

As40c -I' 2 H2O — >- ^ I-IAsOa 
HASO2-I- fNa+ -h Oil-) — >- 

(Na"* + As() 2~) -f II2O 

The tiioxitie also drssoh os m coiicontiatod hydio- 
chloric acid, possibly foiming aisomo tuoliloude, 
AsCh, and watoi At least, tlie solution marie in 
this maniiei contains some As " ^ 10ns as indicated 
by the fact tliat liydtogcn Kiilhde piecipitates 
aisemc tiisulfade, AsjSg, fiom it The leaotion 
with the acid, 

As(OH), -j- 3 (H-i + Cl-) AsCh -f- 3 lIjO, 

IS easily levoiscrl, honevoi, and nihciuu tiichlondo 
IS almost completely hydrolyzed m solutions that 
do not contain a Ingli conconlmtion of acid 

Amenious acid and th(> trioxide aic reduc- 
ing agents and aie oxidized liy vigoious oxi- 
dizing agents to ai.seiue acid When eoncen- 
tiatcd nitiic acid acts upon the tiioxide, and 
the solution IS evapoiatcd, crystals of 
2 H3ASO4 H2O sepaiate Salts coirespond- 
mg to the oitho-, pyio-, and metaai sonic 
acids are known Calcium ai senate, Caj- 
(As(),) 2, and the lead .salts, Pb,,(AHt)4)2 and 
PbIIAs04, are, tiie most impoit.ant ol these 
salts; they aie used as m.socticKles 
Aisemc acid and its anhydride act as 
oxidizing agents and aie fairly eiiaily le- 
dueed, this is one of tlic piiiuapal diiferences 
to be noted m comparing the eoinpounds of 
arsenic and phosphoru.s 
Aisemc acid is a much strongei acid than 
aisemous and and does not show as much 
tendency to icact as a base with stiong acids 
Two of the tests for ai senate ion depend 
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upon the formation (1) of yellow powdery 
simmonium arscnomolybdate, (NH 4 )aAs 04 - 
12 M 0 O 3 , and (2) of white crystalline mag- 
nesium ammonium arsenate, MgNHdAsO^. 

28. Sulfides 

In solutions containing hydiochloric acid, 
compounds of tiivalcnt aisenic leact with 
hydrogen sulfide to form a piccipitate of 
yellow arsenic tnsulfide, AsaSa 

2 (H+-|-Cl -)-|-2 (Na++AsOr)+3 H.S — ^ 

AS 2 S 3 -f -1- 2 (Na+4-Cr) + 4 IhO 

The hydiochloric acid prevents aisenic tri- 
sulhde fiom loiming the colloidal state, 
which would lemam dispcised m the solu- 
tion instead of precipitating 
The pentasLilfide, AsaSs, is precipitated by 
hydrogen sulfide from a solution containing 
the ai senate ion and an acid, usually hydro- 
chloiic acid Some tnsulfide is usually 
foimed at the same time, because some of the 
arsenate ion is 1 educed to arsenite by hy- 
diogen sulfide 

AsOr-'-t-HiS — y AsOr“+HjO+S I 
2 (3 Na+-l-AsOr*) -hC (II ' -|-C 1 -) 4-5 PbS — >- 

AS 2 S 6 +4-6 (Na+4-Cl-)4-8 H 2 O 

The sulfides of aisenic aie somewhat similar in 
chemical behavuu to tlie oxides The oxides le- 
act as acid aiiliyilndes with sodium hydroxide, 01 
similar bases, to foim <^alts such as Na 3 As 04 and 
(NH^laAsOj The sulfides also possess acid 
piopeities and leact with the sulfides of ceitain 
metals and with ammonium sulfide to form l/no- 
salts Thus, AS 2 S 3 reacts with sodium sulfade to 
form soluble sodium thioarsernte 

AhjRa 4- 3 (2 Na^ 4- «“) — 2 (3 Na+ 4- AsS,-’), 
or 

Aa^Rj 4" (2 Na' 4" ^ 2 (Na’ 4" AsS 2 ) 

This salt resembles sodium aiseiiite, except that 
sulfui leplacos oxygen When ammonium sulfide 
IS used as the basic sulfide, ammonium thioar- 
semte is piodueed The pentasulfide reacts with 
these basic sulfides to foim t/noarsenates, which 
are watci -soluble 

AhSi 4 - 3 (2 NH 4 + -h S=) — > 

2(3NH4+4- AsSr’) 

When solutions of the thio salts are acidified, the 


cm responding thio acids (HsAsSs and HsAsSi) 
are probably first piodueed, but these decompose 
immediately into the sulfides and hydiogen 
sulfide 

6 (H+ 4 - C1-) 4- 2 (3 Na+ 4- AsSr'*) — >■ 

6 (Na' 4- C1-) 4- 2 HAsMi 
2 H 3 ASS 4 — J- 3 H^S 4- i 

The tnsulfide is oxidized to the pentasulfide if it 
IS heated with polysulfides, such as Na 2 S 2 01 
(NH 4 ) 2 Si (page 497) These reactions aie used 
in analytical chemistiy to sepaiate the sulfide ut 
aisemc from other sulfides that aie not acid in 
charactei and which do not leaot with sodium 
or ammomum sulfide to form soluble thio salts 


ANTIMONY 

Antimony has been used, both as a metal 
and as certain of its compounds, since at 
least 2000 b c The metal was sometimes 
used in making vases and ornaments The 
sulfide was .used as a pigment and in cos- 
metics Compounds of antimony were also 
used in medicine Basil Valentine (four- 
teenth century) collected all that the alchem- 
ists knew about this element in his "Tri- 
umphal Chaiiot of Antimony ” 

29 Occurrence 

The piincipal ore of antimony is stibmte, 
SbzSa The element also occuis in the fiee 
state The woild’s annual pioduction is 
about 30,000 tons, of which China normally 
produces about three fourths In the 
United States, the pioduction of antimony 
is limited to the recovery of the metal fiom 
sciap and used alloys, although deposits of 
antimony in the western states have been 
reported recently 

30. Production 

The 01 e, stibmte, melts when heated to 
about 600° In the liquid state, the anti- 
mony sulfide IS separated fiom the lock and 
other earthy mateiial of the ore and is then 
heated with iron 

SbzSs + 3 Fe — 2 Sb 4- 3 FeS 
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The liquid metal is heaviei than the ferrous 
sulfide, which is also molten; the latter floats 
on top and can thus be diawn off The sul- 
fide can also be oxidized to the oxide by 
1 casting m an , the oxide is then reduced with 
carbon 

SbA + 6C— )-4Sb-|-6CO 

Electrolytic methods aie also used m pie- 
paung the clement. 

31 Properties 

Antimony is much more metallic in ap- 
pearance and m properties than eithei phos- 
phorus or arsenic It has a silvei -white, bril- 
liant lustei, is very buttle; has a specific 
giavity of 6 7, melts at 630°, is a poor con- 
ductor of electricity, and ciystallizes fiom 
the molten state, with a slight expansion, to 
give a mass of lather laige, beautitul crystals 

Antimony combines directly with the 
halogens, phosphoius, oxygen, and sulfur 
It does not displace hydiogen' fiom HCl, 
but it leacts with nitric acid to form the 
tuoxide, which is slightly soluble m an 
excess of the acid The failure of the metal 
and especially of its oxides to react with acids 
indicates that they have no pionounced base- 
foimmg piopeities, if the oxides were even 
model ately basic in character, they would 
leact with the acid to form the nitiate of 
antimony Antimony combines more slowly 
and less leadily with oxygen than aisemc 
does, to form the oxides Sb^Oe and Sb 204 
There are few well-established compounds 
that coi respond to the latter oxide 

The trioxide of antimony is moie typically 
amphoteiic (page 525) than aisenic tuoxide 
Its behavioi as an acid anhydiidc is showm by 
the Salt, NaSb02, that it forms when it 
leacts with sodium hydi oxide In this and 
m similar salts antimony plays the r61e of a 
non-metal There are also salts, such as 
SbCls and Sb 2 (S 04 )'i, which aie derived fiom 
the hydroxide, Sb(OH) 3 , and in which anti- 
mony acts as a trivalent metal These salts, 
and sodium antimomte (MaSb 02 ) as well, 
are strongly hydrolyzed in aqueous solutions; 


this behavior indicates that the hydroxide, 
Sb(OH) 3 , foimed by hydrolysis is only veiy 
slightly ionized either as the hydroxide- 
base 01 as the acid HsSbOa or HSb 02 , it 
IS very weak both as a base and as an acid 

32 Uses 

Moic than one half of the antimony used 
in the United States is consumed m the man- 
ufacture of bearing metal and storage bat- 
tery plates for the automobile industry 
Lead containing about 10 per cent of anti- 
mony is much haidei than ordinary lead and 
IS used in making such products as bullets 
and bearings Antimonial lead is also re- 
sistant to the action of acids Because it 
tends to expand when it solidifies, an alloy 
containing from 15-30 per cent of antimony 
IS used as type metal The expansion of the 
metal gives a sharp outline and a clear, dis- 
tinct impimt of the type Some kinds of 
pewtci arc alloys of antimony with tin and 
lead Babbitt metal, which is used as an 
antifriction metal, is an alloy of antimony 
with tin and copper, it consists of haid 
ciystals of antimony embedded in a softer 
matrix Britannia metal is an alloy of simi- 
lar composition An alloy ot antimony is 
used as a coating foi coppei telephone 
cables 

33 Stibine 

Stibino (SbHs) is pioduced by the action 
of atomic hydrogen upon compounds of anti- 
mony It is a poisonous gas and is closely 
related to arsine but is less stable When the 
Maibh test is used for the detection of ar- 
senic, antimony compounds, it piesent, pro- 
duce stibine, which acts exactly as docs 
aisine, and deposits a miiror of antimony 
when heated The piesence of aisemc must 
be confirmed by additional tests The de- 
posit of antimony is usually a more sooty- 
black than that of arsenic It is also msol- 
uble in reagents which dissolve the arsenic 
mirror, sodium hypochlorite and bleaching 
powder are used for this purpose The anti- 
mony deposit also reacts with ammonium 
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polysulMe to give an oiange precipitate of 
the sulfide, aiseiiic toims a yellow sulfide 

34. Other Compounds 

The tiioxide (SbiOo) forms Avhen antimony 
bums in oxygen or in an Some Sb204 is 
formed at the same time. The pontoxide 
(SbaOs) is f mined by heating aiitimonic acid 
until the water ivhioh it contains is expelled 
The tctroxide (HbaOi) is formed ivhen the 
trioxide is heated foi some tune m an excess 
of oxygen and below the temperature le- 
quired foi combustion The trioxide and 
pontoxide are acidic oxides, and the tnoxide 
shoAVS some basic pi operties in forming salts 
Avith acids The tetioxidc is acidic, dissolv- 
ing in alkalies to form hypoantimonates 

The amphoteiic chaiacitci of Rb(OH )3 is 
bhoAvn by the folloAAing leaclions 

Sb(OII)3 -b :i (H^ + C1-) :4=±SbCb -b 3 HjO 
HsSbOa -b 3 (Na^ -b OIi~) h 

(3 Na'*" -b SbOT'*) + 3 H 2 O, or 
HSb02 + (Na+ -b Oil-) 

{Na+ -b BbOs") -b I-bO 

This substance is veiy Aveak, both as an acid 
and as a base, as shoAvii by the fact that both 
types of .salts (SbCl-i and NaSb02) ate 
strongly liydrolyzc-d Sodium antimonite 
(NaSb 02 ), for example, leads icadily A\oth 
Avatei to form a solution of sodium hydi oxide 
and antimonouH acid, because Iho lattei is 
very slightly ionized The chloiide hy- 
diolyzes to foim the basic chloude 

SbCU -b 2 HOII :;i=± 

Sb(()H) 2 C'l + 2 ( 11 + + 01 -) 

The basic dilmide tlien decomiioses to give 
antimoiiy oxychloiule 

.Sb(()Il)2(n — i-HaO-bSbOCl 4 - 

Antunony tiisulhde is an orangi’-ied 
colored compound Avhieh precipitates Avheii 
hydrogen sulfide is passed into a solution of 
the trichloride 01 slightly acidihed solutions 
of antimonites and other compounds of tii- 
v^alent antimony The pentasulfide, Sb2S6, 


is formed in a similar manner from com- 
pounds of pentavalcnt antimony Like the 
sulfides of arsenic, both sulfides of antimony 
dissolve in solutions of the alkali 01 ammo- 
nium sulfides and polysulfides, forming thio- 
antimonites and thioantimonates Thus, 
Avith ammonium sulfide, (NHdaSbSa and 
(NIl 4 ) 3 SbS 4 are formed fiom Sb2S4 and 
Sb2S6, respectively If ammonium polysul- 
fide IS used, the tiisulfide is oxidized to the 
pentasulfide, Avhich then leacts to foim 
ammonium thioanlimonate When solu- 
tions containing the thio salts are acidified, 
antimony tnsulfide is piecipitated The 
mmeral foim of antimony sulfide (stibnite) 
IS black The tnsulfide is used in manufac- 
tuiing led lubbei and matches 
The precipitation of Sb2S3 from a solution 
contammg an antimony compound shoAA's 
that this element does exist, to some extent, 
as a cation in this solution When the hy- 
droxide acts as a base it sometimes appeals 
to lose a molecule of watei, forming the 
monohydi oxide 

Sb( 0 H )3 — H2O + SbO(OH) 

'J’he oxychloride (SbOCl) is a salt of this 
base, as is tartar emetic, KSbOC 4 H 40 o The 
lattei compound shoAVS the SbO (antimonyl) 
radical leplacing one hydiogen atom in 
taitaric acid (H2C4H4O6) Taitar emetic is 
used in medicine and as a moidant m dyeing 


BISMUTH 

Bismuth Avas knoAAm as early as the hl- 
teenth century, although it Avas often con- 
fused Avith antimony, tin, and lead Not 
until about 1740 Avas it identified as a dis- 
tinct substance, and its propel ties detei- 
mmed 

35. Occurrence 

Bismuth occuis fiee in iiatuic, and it is 
m this form that it is most often found It 
also occuis as the oxide (B12O3 H2O) called 
bismite, and the sulfide (B12S3) called his- 
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muthemte Some bismuth is produced in the 
United States as a by-product of lead smelt- 
ers and refineries The chief sources of the 
element and its compounds are found in the 
United States, Bolivia, Canada, and Spam. 
The metal is recovered from ores containing 
free bismuth by melting and separating the 
molten metal from the earthy portion of the 
ore The sulfide ore is loasted to form the 
oxide, which is then reduced by means of 
carbon The normal annual production is 
about 2000 tons from all sources 

36 Properties 

Bismuth is a silvery gray metal with a 
reddish tint It occurs in one foim only 
this is ciystalline, lustious, hard, and brittle. 
Its specific giavity is 9 8, it melts at 270 °, 
and boils at 1450 ° 

Bismuth burns to foim the oxide BuOo, 
but at low tempeiatuies it reacts with oxy- 
gen veiy slowly and forms only a thm coat 
of oxide, which protects the metal from fur- 
thei oxidation It combines directly, but 
not veiy vigorously, with the halogens, and 
also combines with sulfur It dissolves read- 
ily in nitric acid to form the nitrate (Bi- 
(N03)3) This behavior is different from 
that of the other elements ot this family. 
Antimony, for example, reacts with nitric 
acid to foim fiist the oxide, which upon 
heating and fuither tieatment with nitric 
acid gives antimonic acid, H3Sb04 The 
foimation of the nitrate by bismuth shows its 
definitely metallic chaiacter in contrast to 
the non-metalhc nature of the othei mem- 
bers of its family The element also dis- 
solves in concentrated sulfuric acid, in much 
the same manner that copper does, to foim 
the sulfate (612(804)3) It slowly dissolves in 
hydiochloiic acid, in the presence of air, to 
form the chloiide (B1CI3) 

37. Compounds 

In practically all its compounds, bismuth 
acts as a tiivalent metal, foiming simple 
salts such as B1CI3 and Bi(N03)3 Its hy- 
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dride, hsmuihine (BiHs), is an extremely 
unstable compound and very little is loiown 
about it It has none of the basic properties 
possessed by ammonia The most familiar 
oxide is B14O6, which forms when the metal 
IS heated in the air. The monoxide BiO is 
piepared by heating basic bismuth oxalate 
(610)2(0204), and the pentoxide, B12O5, is 
formed by the action of vigorous oxidizing 
agents upon the tnoxide 
The tnoxide is a yellow solid It does not 
react ivith bases and theiefore has no acid 
propel ties It dissolves in acids, and when 
the solutions are evaporated, noimal salts — 
such as the chloride, nitrate, 01 sulfate — are 
obtained as crystals These salts hydrolyze 
readily, when water is added, to form basic 
salts 

(Bi+++ + 3 NO 3 -) + 2 HOH 

Bi( 0 H) 2 N 03 + 2 ( 1 - 1 + - 1 - NO 3 -) 
(Bi+++ -b 3 C1-) 4- 2 HOH 

Bi( 0 H) 2 C 1 + 2 (H+ + C 1 -) 
Bi( 0 H) 2 Cl:^H 20 -t- BiOCl | 

Bismuth oxychloride may be regarded as a 
salt of the base, hismuthyl hydroxide, 
BiO(OH) The oxychloride is known as 
pearl white and is used as a white pamt pig- 
ment and in face powdeis The basic nitrate 
IS best known as hismutk suhniiratc The 
commercial preparation, which contams 
some bismuthyl hydroxide, is used medici- 
nally as an antiacid in treating digestive 
troubles, and in the treatment ot ulcers and 
skin diseases The subcarbonate of bismuth, 
(Bi0)2C03, is used for similar purposes The 
addition of sodium, potassium, 01 ammo- 
nium hydroxide to the solution oi a bismuth 
salt causes the precipitation of the hydrox- 
ide, Bi(OH) 3 Unlilce the corresponding hy- 
droxide of antimony (Sb(OH)3), this com- 
pound IS not amphoteric, and consequently 
does not dissolve in an excess of the base 
The pentoxide is relatively inactive It 
does react, however, with very concentrated 
solutions of sodium hydroxide to form so- 
dium bismiithate, NaBiO^, which hydrolyzes 
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Figure 237 Automalic Sprinkler 

D U made of the low-melting alloy solder, it holds the strut composed of A, B, and C in place When D melts, the 
pressure of the water throws A, B, and C out of the way, and the water escapes through the opened valve 


in water, or leactH when an acid is added, to 
form the veiy weak acid, HBiO,. This acid 
and its salts conospoud to nitnc acid and the 
nitiates, and show that, m its highchst valence 
state, bismuth possesses, to a slight dogiee, 
the non-metallic and acid-foiming piopei- 
ties of the other incmbeis of the family 
Bismuthic acid is a very poweiful oxidizing 
agent It is used m analytical cheraistiy in 
detecting and estimating manganese It 
oxidizes manganous (Mn"^ ) ion to perman- 
ganate (MnOr) ion 

Bismuth tiisulfido, B 12 S 3 , is precipitated 
as a brown compound when hydiogen sulfide 
IS passed into a solution containing a bismuth 
salt Like the tnoxide, it has no acid proper- 
ties and consequently does not dissolve in 
solutions of sodium 01 ammonium sulfide 
to form thu) salts Advantage is taken of 
this diffeience in liehavior in sepaiatmg liis- 
miith fiom arsenic and antimony m the ana- 
lytical laboiatory 

38 Uses of Metallic Bismuth 

Metallic bismuth is used in the piepaia- 
tion of many alloys The presence of bis- 
muth in these alloys gives low melting points 
and prevents shrinkage upon solidification, 
since bismuth expands upon cooling Ex- 


amples ot these alloys and then composition 


aie given below 

Bi Pb 

Wood’s metal 50 25 
Rose’s metal 50 25 


Sn p , Mellmg 
(Paits) Point 

12 5 12 5 71° 

25 94° 


These low-melting alloys are used for many 
purposes electrical fuses, automatic file 
alarms, automatic spnnldei systems, re- 
leases on automatic fire doors, and safety 
plugs for boilers Most of these applications 
are of value m the prevention and control of 
fires When slightly heated, the bismuth 
alloy melts, leleasmg water from the spun- 
kling systems, closing an electiical circuit 
which rings a bell; or automatically remov- 
ing the stops that hold open file doors 
Bismuth alloys aie also used as anti-fnction 
metals to some extent 


Review Exercises 

1 Summaiize m tabulai foim the pioperties of 
the elements of the mtiogen family Point 
out the changes in the piopeities of the de- 
ments fiom nitrogen to bismuth The sum- 
maiy should include typical compounds of 
the elements as well as the elements them- 
selves The following compounds should be 
consideied hydrides, chlorides, oxides, acids, 
bases, typical salts, and sulfides. 
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2, If a sample of rock phosphate contains 80 
per cent of CaaCPOd)!, how much of this 
material would be required for the production 
of one ton of superphosphate (including the 
calcium sulfate produced)'’ Consider super- 
phosphate as Ca(H2P04)a. 

3 What weight of (1) phosphorus and (2) 
phosphoric acid could he produced from the 
weight of look phosphate calculated above'’ 

4 Show why a solution of primaiy sodium 
phosphate is slightly acid, whereas a solution 
of secondary sodium phosphate is alkaline 

5 Which should have a higher pH, a solution of 
primary sodium phosphate or primary am- 
monium phosphate? Explain 

6. Staiting with rock phosphate, outline a seiies 
of reactions which could be used to prepaie 
the salt NaPOs 

7 How would you proceed to bung about the 
transformations indicated below? Sb^Sa — ->■ 
Sb, Sb — )-dbOCl, NajHPOi — F-NaiPjOi, 
Bi — Bij(S 04 )i, As — ► H3ASO4, Ca,(PO,) . 
— ^-HaPO^, CaaPa — )- PH,, NaAsOi — )- 
AssSa 

8. Explain the meaning of the term amphoteric 
hydroxide What hydroxides of the membeis 
of this family are amphoteiic and wluch aie 
not? Illustiate the behavior of one ol the 
hydroxides that is amphoteric and one that 
is not amphoteric 

9 Suggest two methods of separating bismuth 
from aisemc, starting with a solution wluch 
contains Bids and NaAsOj Write equations 
for all necessai'y leactions 

10 Identify arsine, bismuth subnitiate. Wood’s 
metal, tertiary socbiim phosphate, meta- 
aisenic acid, bismuth oxychloride, bismutlnc 
acid, Marsh’s test, Pans green, wlute aisenic, 
ammonium thioaisemte, and arsenopyiite 

11 Show the relationships between the three 
phosphoric acids and their anhydride 

12 Wute equations for the following reactions 


(1) Bids + NaOH 

( 2 ) Na^HPO, + Cuds 

(3) P + HNO 3 

(4) BiOCl + H 2 S 

(5) CVPOOj+SiOs-I-C 

(6) NajHPOi (heat) 

(7) HsAsOs + (H) 

(S) NasPO, + H2O 



13 Wnte an equation for the reaction between 
arsenic tnsulfide and sodium sulfide, NaaS 
Show that this leaction is similar to that 
which occurs when AsiOn dissolves in a solu- 
tion of NaOH. 

14 Account tor the natural occurrence of 
bismuth and antimony m the free state, 
Why IS phosphorus not found in the hoe 
state? 

15 Given a sample which may be phosphorus, 
bismuth, aisenic, 01 antimony, What physi- 
cal appeal aimes or piopeities would you look 
foi as means of distinction'’ liow would you 
pioeeed by chemical methods to deteiimne 
which of the elements is present, assuming 
that the sample contains only one of the 
four? 

16 Why is antimony sulfade not hydrolyzed in 
the same maimei as antimony chloiide'^ 

17 In using the Marsh test, the 1111 11 or ol ai- 
senic pioduced m the tube of the apparatus 
weighed 10 mg The matei nil tested weighed 
10 g and contained AsiOo What weight of 
AsjOs was piesent pei 100 g of the raateiial 
tested? 

18 What leactions can be used to pioduoe the 
following changes in the oulei indicated 
AsiOi — >- AS2S3 — >“ NajAsSs — >- As^Ss? 

19 Staitmg with 10 g of AsiOo, what weight of 
AsiSj should one obtain by the sei 10s of reac- 
tions in 18, assuming that there arc no losses'^ 

20 What weight of piimaiy sodium jihosphate 
can be pioduced fiom the phosphoiic acid 
made by the oxidation of 10 g of phosphorus 
with uitric acid''' 

21. To one liter of 0 1 N solution of oithophos- 
phoiic acid, sufficient calcium chloride is 
added to precipitate the phosphate ion com- 
pletely What weight of Ca3(PO02 can be 
produced by this pioceduie? 

22 Name the compounds cone,sponding to the 
following fonnulas. NaBiO,, SbOCl, NaSbOo, 
(NH,)3 A&Si, Ph3(AsO,)2, Galll’O,, KjHPO,, 
NaPOs, HiIAOt, and t'a,d’2. 


References for Further Reading 
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SILICON AND RELATED ELEMENTS 

TIuU silica or siliceous earth is composed of a 
combustible body united with oxygen, was demon- 
strated by Sp 11 Daily To this substance, on the 
supposition of its being a metal, the term silicium 
was applied 

CHEMISTRY TEXT OF 1828 


1 Introduction 

The family to which silicon belongs is in 
gioup foul of the periodic classification and 
includes caibon, titanium, zirconium, and 
hafnium These elements are acid forming 
(non-metallic) in chaiactei, although metal- 
lic and base-foiming propeities increase with 
inci easing atomic weights as in othei faim- 
lies Boron of gioup three is the only ele- 
ment of that gioup that does not show de- 
cided metallic piopeities In some lespects 
the element and its compounds resemble sili- 
con and its compounds, the piincipal com- 
pounds of both elements, foi example, aie 
those in which the elements appeal m nega- 
tive ladicals oi ions, such as SiOa"" and BOj^. 
Foi these leasons the chemistiy of boion is 
discussed in this chapter 

SILICON 

2 Occurrence 

Silicon does not occui in natuie as the free 
element Its compounds, however, are very 
abundant, forming about 87 pei cent of the 
solid crust of the earth The element is 
second only to oxygen among the constitu- 
('iits of the outer portion of the earth, which 
contains about 26 per cent of silicon Among 
minerals, including rocks and soils of all 
kinds, silicon plays the fundamental r61e, 
just as caibon docs m the compounds asso- 
ciated with organic matter 


One of the most abundant compounds of 
silicon IS the oxide called silica, S 1 O 2 This 
oceuis most abundantly m sand and in sand- 
stone It also occurs in many ciystalline 
foi ms including several vaiieties of quartz — 
rose qiiailz, amethyst, milky quartz, and lock 
ciyslal — and chalcedony, cainehan, onyx, 
agate, flint, jasper, and opal (page 532) 
Other minerals containing silicates of differ- 
ent kinds include gianite, shale, clay, marl, 
micas, feldspars, asbestos, tourmaline, topaz, 
and many others These are discussed at 
gieatei length on page 532 

3. Preparation of the Element 

Small samples of silicon can be prepared 
by reducing silica by means of powdered 
aluminum 01 magnesium 

3 S 1 O 2 + 4 A1 — >- 2 AI 2 O 3 + 3 Si 

The mixture must be strongly heated The 
aluminum melts and dissolves the silicon as 
it IS foimed As the solution cools, the sili- 
con separates as mctal-likc crystals, and the 
aluminum is removed by dissolution in an 
acid The element is also prepared by re- 
ducing its chloride, SiCb, with metallic 
sodium Commercially, silicon is now pro- 
duced by reducing the oxide with carbon in 
an electric furnace Some difficulty is en- 
countered m preventing the silicon and car- 
bon from leacting to form a carbide, but a 
pioduct containing 98 per cent of silicon is 
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made by this reaction. If a mixtuie of silica 
and the oxide (FcaOs) of non is reduced by 
carbon, an alloy of iron and silicon, called 
ferrosihcon, is pioduced. Since the pnncipal 
use of silicon is in the piepaiation of steels 
of special propel tics, feriosihcon, instead of 
pure silicon, is often produced 

4. Properties 

Like caibon, silicon has a crystalline form, 
and also what is often called an ainoiphous 
form. The lattci is a brown powder that 
really consists of veiy small crystals Crys- 
talline silicon has a stiuctiue lescmbling that 
of diamond It is hard enough to scratch 
glass, has a density of 2 4, melts at 1420“, 
boils at 2600°, and is a fair conductor of 
electiicity Crystalline silicon is le.ss active 
m chemical leactions than the amorphous 
form. 

The element reacts readily with the halo- 
gens to form tSiFi, SiCli, SiBu, and S 1 I 4 . 
With fluoiine the element reacts spontane- 
ously and IS Ignited by the heat liberated in 
the reaction Amoiphous silicon combines 
with iodine only when the mixture of the 
elements is heated to a red heat Silicon 
bums when heated in the presence of oxygen, 
but combustion is udauled by the foimation 
of a coat of the oxide that forms on the sur- 
face It reacts .slowly with steam to liberate 
hydrogen 

Si -1- 2 H 2 O — )- SiOa -H 2 H 2 

It dissolves leadily in sodium hydi oxide, 
forming sodium silicate and hydrogen (page 
110 ) 

Si + 2 (Na+ + on-) + ITjO — ^ 

(2 Na'- -h HiOr) + 2 TI 2 . 

It dissolves in a mixture of IINO3 and HF, 
but not in liCl or HjSOr 

3 Si -1- 4 (11+ -h NO 3 -) + 12 HF — y 

3 S 1 F 4 -h 8 H 2 O + 4 NO 

IVhen heated, it also reacts with sulfur (S 1 S 2 ), 
carbon (SiC), nitrogen (S 13 N 4 ), and many 
metals The compounds with the metals aie 


called sihcides Typical silicides are L 13 S 1 , 
Mg 2 Si, FeSi (feriosihcon), and C 0 S 13 

5. Uses 

Although one of the most abundant of the 
elements, silicon in its free state has few uses 
It IS an essential, however, in the steel in- 
dustry. Ferrosihcon is added during the 
production of steel as a deoxidizing agent 
to remove dissolved oxygen, which weakens 
the finished product It also removes the 
non caibide, FesC, in iron and thus produces 
a soft, gray iron instead of a haidei, white 
product. Silicon steel contains up to 5 per 
cent of silicon This vaiiety of steel has de- 
sirable magnetic properties and is used in 
making the cores of transformers and electro- 
magnets If 15-16 per cent of silicon is 
added, the steel is very hard and resistant to 
corrosion and the attack of acids Dunron 
and Taninon aie alloy steels of this kind. 
The steel used in making springs contains 
manganese and silicon An alloy of alumi- 
num and silicon is used in automobile manu- 
facture Uses of silicon compounds will be 
mentioned as these compounds are discussed 

6. Hydrides 

Silicon forms several compounds with 
hydrogen These are SiHi, S 12 H 6 , Sislia, 
SJiio Sinlizn+s They aie analogous 

to cei tain hj^drogen-carbon compounds Sev- 
eral of these, particulaily SiH,i, are formed 
when magnesium sihcido is treated ivith 
dilute liCl 

MgaSi + 4 (H+ + Cl-) — I- 

2 (Mg++ -h 2 C1-) -I- S 1 H 4 

The hydrides ignite spontaneously in the an 
and icact with cold water to form silicon 
dioxide and hydrogen 

7 Halides 

The halides of silicon have the general 
foimula SiX| They can be prepared by the 
direct combination of silicon and the halo- 
gens, but the combination is less readily ac- 
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complished as the atomic weight of the 
halogen inci eases 

Silicon tetrafluonde (S1F4) is not prepared 
by direct corabmation, because of the diffi- 
culty of obtammg free fluorine and fiee sih- 
con It IS usually made by allowing hydio- 
fluoiic acid to act upon silica or a silicate 

S1O2 + 4 HF — »- 2 H2O + S1F4 I 
CaSiOa + 6 HF — >- CaFj + S1F4 j -h 3 H2O 

It is a coloiless, non-combustible gas, which 
fumes in moist air With water it hydi olyzes 
as follows 

S1F4 + 4 HOH H4S1O4 + 4 HF 

A part of the silicic acid precipitates as 
H4S1O4 or H2S1O3 H4S1O4 — H2O -b H2S1O3 
A part reacts with more hydrofluoiic acid to 
ioim fluosihcic acid 

H4S1O4 -t- 6 HF — 4 - H2S1F8 -b 4 H2O 

Fluosihcic acid is a moderately strong elec- 
trolyte It IS sometimes used to detect po- 
tassium ion in the presence of sodium ion, 
since KaSiFe is not very soluble while 
NaaSiFs dissolves readily. 

Silicon tetrachloiide (S1CI4) is produced 
when chloiine is passed over a heated raix- 
tuie of silica and carbon It is also made by 
the action of chlorine upon the carbide of 
silicon The chloride hydrolyzes completely 
When it comes into contact with moist air it 
fumes strongly, producing a dense smoke- 
cloud which consists of droplets of hydro- 
chloric acid solution and small particles of 
silicic acid 

S1CI4 + 4 H2O — 4 HCl -b H4S1O4 

If ammoma is picsent, it reacts with the 
hydrogen chloride and produces a still 
denser smoke Mixtiiies of this kind are 
used to make smoke screens Titanium tet- 
lachloiide is similarly used. 

8. Silicon Dioxide 

Silicon forms two oxides, the monoxide, 
SiO, and the dioxide, SiOa. The former is 


made by reducing the dioxide with carbon 
under controlled conditions It has a yellow- 
ish-brown color and is relatively unimpor- 
tant 

The dioxide, commonly called silica, oc- 
elli s in natui e in many forms Silicon occurs 
chiefly as silica 01 in the silicates which are 
derivatives of this oxide Pure silica occurs 
as beautiful, colorless crystals of quartz, 
which is also called rock crystal The rock 
crystals belong to the hexagonal system and 
aie of two different varieties, “right-handed” 
and “left-handed " One of these bears the 
same relation to the othei as an object bears 
to its image in a mirror The ciystals glow 
to enormous size m nature, some of those 
which are found weigh several hundred 
pounds Small amounts of impurities are 
sometimes present, and these give crystals 
of characteristic colors The amethyst is 
quaitz plus a trace of an oxide of manganese 
Small ail bubbles are responsible foi the 
appearance of milky quartz Rose quartz, 
onyx, jaspei, agate, flint, opal, petrihed 
wood, and chalcedony arc other forms of 
impure silica The dioxide is also present 
in granite and in gneiss, and constitutes 
most of the material in sand and sandstone 

Some silica is present in a few forms of 
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animal and plant life, such as bamboo, 
lUshes, stiavv, fcatheis of certain buds, and 
sponges Small oi ganisms that live in 
water, called diatoms, have skeletons of 
silica Collections ol these skeletons form 
deposits of diatomaceoiis earth oi kieselguhr 
This mateiial is poioiis and veiy adsoibent; 
hence, it is widely used to adsoib coloied 
substances fiom oils and other Inpuds It is 
also used in soaps and in metal polishes as a 
mild scorn ing powtler 

When qiun tz is heated to about 870°, it changes 
into the oiystalline foini known as tndymiie, and 
at 1450° the lattei changes into a third crystalline 
modification, called crisiohnhte When heated to 
temperatiues above 1700°, quartz giadually 
softens, and eventually fnims a thick liquid 
This IS somewhat like glass and can he used to 
make beakeis, tubing, eiueihles, flasks, and othei 
laboiatoiy aitieles Vessels made of fused 
quaitz aie expensive but have many desirable 
piopoities, because of the small coefficient of 
expansion of quaitz, they aio not likely to bieak 
when heated and sufldeidy cooled A beakei 
made of quaitz can be heated to leduess and then 
immeised in lee-water without bi caking Quaitz 
also lesists the clicmieal action of piaetically all 
leagentb, except stiongly alkaline solutions oi 
fused alkalies, and is less soluble in watei than 
glass. 

Quaitz also allows ultiaviolet light to pass 
tlnough it, while oidiiuuy glass does not Since 
ultraviolet light lays are thought to have desir- 
able physiological eifects in the tieatment of 
oeitain diseases, windows m the sun-iooms of 
hospitals aie sometimes made of quaitz instead of 
glass The tubes in inoicuiy vapor lamps — 
used to produce ultiaviolet light — aie also made 
of quartz 

If quartz is heated until it softens, bubbles of 
diffoieut gases, including an and watci, make the 
(piaitz opaque TTiis is calk'd viti onus ipiaitz and 
is used to make many kinds ol ap])iiiaUis, paiticii- 
laily laigo quait.z tulics and ex aiioi'ating dishes 
Cleai quaitz is made by lediieing the piessiiie 
m the luiuace m winch it is melted The de- 
ci eased piessure causes most of the bublrles of 
gas to escape. A higher temperature makes the 
fused quaitz moie fluid and aids in the release 
of the bubbles A high piessuie is desiiable as 
the quaitz cools, since this tends to compiess into 


negligible volumes the bubbles that do not 
escape 

9 Chemical Properties of Silica 

Sihca does not dissolve m water, and since 
it has no basic propeities it is also msoluble 
in acids (except hydrofluoiic) It is the 
anhydride of silicic acid, and consequently 
reacts with (fused) alkalies, such as NaOH 
or KOIT, to foim silicates Several acids 
and their salts are deiivativcs of this anhy- 
diide When heated with eeitain oxygen 
salts, whose acid anhydiides are volatile, it 
foims silicates and icleases the oxide of the 
non-metal of the salt 

NajCOa - 1 - SiO, — NasSiOs -h COa + 
Na2S04 + S 1 O 2 — ^ Na2Si03 -b SO 3 -f- 
CaCOs -b S1O2 — ^ CaSiOs -b CO2 "f 

These leactions are important m the manu- 
facture of glass 

10 Silicic Acid 

When a solution of sodium silicate is acidi- 
fied, theie IS foimed a gelatinous piecipitate, 
ivhich is commonly called silicic acid A 
colloidal dispeision of this substance is pio- 
diiccd if a solution of sodium silicate is mixed 
with a laige excess of hydiochloric acid 
The gelatinous precipitate is leally hydiated 
silicon dioxide, S1O2.TH2O, in which the 
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quantity of water combined with sdica 
vanes over a considerable range Fre- 
quently, however, the hydious oxide is called 
silicic acid and a definite formula is assigned 
to it largely as a matter of convemencc 
Because salts (silicates) corresponding to 
their formulas are known among mmeial 
substances or have been prepared, several 
hypothetical silicic acids aie frequently 
mentioned in the liteiature of chemistiy 
Orthosihcic acid is H4S1O4 Many miner- 
als are salts of this hypothetical acid Some 
of these are 


Mica 

KH2Al3(Sl04)3 

Willemite 

Zn2Si04 

Zircon 

ZiSiOi 

Foisterite 

Mg.,Si04 

Pyiope 

Mg3Al2(Sl04)3 

Andalusite 

(A10)A1Si04 

Metasilicic Acid, H2S1O3, is the hypotheti- 
cal acid coiiesponding to many othei natural 
silicates, among which aie 

Chiysocolla 

CuSiOs 2 IT2O 

Wollastonite 

CaSiOs 

Talc 

H2Mg3(Sl03)4 

Beiyl 

Be3Al2(Si03)6 

Asbestos 

Mg3Ca(Si03)4 

Other silicates coi respond to the polysi- 


hcic acids The hypothetical disibcic acids, 
HcSuOt, H 4S12O6, and H2S12O6, are considered 
as the products resulting from the loss of one, 
two, and three molecules of water, respec- 
tively, by two molecules of oithosilicic acid 
Such compounds are sometimes called con- 
densed acids For example 

2 H4S1O4 - HjO — H6S12O, 

The tiisiliciG acids are formed in a similai 
manner by the loss of different numbcis of 
molecules of water by three molecules of 
H4S1O4 Some of the tiisilicates found as 
minerals are 

Orthoclase KAlSiaOs 

Natiohte NasAljSisOio 

Albite NaAlSuOg. 


The colloidal state of silicic acid or hydrated 
silicon dioxide has the ability to adsoib certain 
10ns fiom watei solutions, and the adsorbed 
substances aie not easily removed by water 
This pioperty of silicie acid, which is always 
present to some extent in soils, is lesponsible 
in part, for the retention by the soil of potas- 
sium salts and nitrates, both of which are es- 
sential to feitility The retention of potassium 
by soils also depends upon the presence of zeo- 
lites, which are hydrated sodium-calcium-alumi- 
num silicates When water oontaimng potassium 
salts m solution comes into contact with zeolites 
the sodium which they contain is replaced by 
potassium, and sodium ion is released in the 
solution 

1 1 The Structure of the Silicates 

The natuial silicates are crystalline substances 
and then crystal lattices are composed of metallic 
ions and different silicon-oxygen 10ns Some con- 
tain the SiOr‘ ion, Section 10 This ion has a 
tetiahedral stiuoture (Figure 240) with a silicon 
atom at the center and foui oxygon atoms at 
the coineis of the tctiahedron The metallic 
10ns lie between adjacent tetrahedia, foimmg a 
pattern that resembles the lattice of sodium 
cliloride 

The disilicate ion, 81207”“, consists of two SiOr^ 
tetrahedia which shaie one atom of oxygen be- 
tween them (Figuie 241) In tlio tiisilicate ion, 
S13O9 ^ thiee tetiahedia are involved, each of 
winch shaies one atom of oxygen with each of 
the othei two (Figuie 242) The SiO,”' tetra- 
hedra m othei silicates, such as CaMgsfSiOj),, 
one of the forms of asbestos, are joined together 
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Flgura 242 The Trisilicala Ion with Three 
Telrohedro Each Sharing Two Oxygen Atoms 


by sbiLtiuiL lUoin^ to lonii loiiR chiiius, 

with motallu' kuh IcuiIuir In I'lud the- cliiuns 
together by elect, tnstalic iittinctiim (biguic 24a) 
Tlioraiciih cniiMst nl sheets eniitainiiig tetialiodia 
that hlmre nvygeii uloiiis 'I'lie sliccds me weaklj'' 
held tdgt’thei hr'inn-nf tlie iiietni.s Aliea leiidilv 
si)bt.s iiiLi) tliiu sheets Ini tills leiisnii In sUU 
other .silu'iil(‘S| esjicciidlv m the leldsiiiiis, the 
totiiibodia me uniied tn fniiii a thiee-diiiieiisiniial 
netwoik, leaving npeii 'iiiiees in which the inns 
(il the metals and sniiu'tniies iiinleeiiles ol walei 
aie hold 

12 Silica Gel 

Wlieii sihcie luiid jeliv is dehydiated by liealiiiR 
at 300° imdei u'diieed inessiiie, until it eoiitaiiis 
only a small iieieeiilage nl watei, the pinduct is 
called sihie ye/ 'I'lns siil.stanee has excellent 
adsoibing piniieities Ini gases and the lapni'- of 
many suhstauees Sniiie nf the suhstaiiees ad- 
soihed lue iiitingen, siilliii dinxide, hcn/yeiie, 
nitiogen dioxide, and (lie vaiims ol ])iaetieallv 
all volatile nigaiiie Inpiids 'I’he gel is healed, 
ivlioii it has adsnihed its lull ea])ai)lv, h* leleaso 
the adsnihed .siilislaiu es Heeaiise of this pro))- 
eity, siliea gel senes as a eniiUuit catalyst in 
many leactioiis 



1 3 Sodium Silicate 

Sodium silicate (Na 2 Si 03 ) is made by 
iieating silica with sodium hydi oxide or 
sodium caibonate (page 533) It is usually 
maikctcd as a concentrated, viscous solution 
and IS commonly known as water glass As 
tli(> solution IS heated, it becomes moie 
viscous and finally gives a haid, glass-like 
mass Since it is the salt of a stiong base 
and a weak acid, sodium silicate hydiolyzes 
in watoi to give stiongly alkaline solutions 
Because of this pioperty, it is used in some 
soaps and washing powders It is also used 
as an adhesive in making boxes of paste- 
board; in rendeimg materials firopioof, as a 
prcseivativc of eggs, in the manufactuie of 
emnent and mortals, and as a coating on 
poroas sin faces to make them waterproof 

14 Glass 

Glass-inaking dates back to many cen- 
turies bcfoie the Chiistian Eia The Egyp- 
tians made and used glass at least as early as 
1400 B c Glass is usually a mixture of sili- 
cates, hut some of the silica may be leplaced 
by the o.xidc of boron, BjO,, oi the oxides of 
CO) tain othei non-metalhc elements The 
metals in common, soft glass aie sodium and 
calcium The sodium may be icplaced by 
potassium m haid glass, which docs not 
sotten until il has been heated to lelativcly 
high tempeiatures. The substitution of 
othei mateiials produces glass of special 
properties Oidmaiy soil glass is made by 
heating togethei sand, sodium carbonate or 
sodium sulfate, and calcium caibonatc (page 
533) The pioduct is cleai, buttle, and 
amoiphous, it has no ciystallme stiuctuio 
and, upon the basis of physical piopeities, 
is classified as a supei cooled liquid Old 
glass is frciiuciitly found to have developed 
a crystalline stuictiiie When it is heated, 
glass softens giadually but has no definite 
molting point 

Melted glass, as it comes fiom the pots ot 
the glass-making furnace, is worked into 
difleient ai tides by means of a blowpipe, oi 
the objects aic blowm m molds by compicssed 
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Figure 244 Withdrawing a Pot of Molten Glass from Furnace 


ail The lafctei piaciice has laigely leplaccd 
the glass blowei Glass for window panes is 
hi'st made into long cylindcis, oi it is diawn 
out into flat iibbons The cyhndeis aie 
Clacked and softened m a fuinace until they 
flatten out to foim sheets of glass, which aic 
then lolled to the dcsiied thickness Plate 
glass IS made by rolling a mass of softened 
glass All articles made of glass must be 
annealed by passing them through a long, 
heated chambei oi a furnace that has a high 
tempciatuie at the enhance and a low tem- 
peiatuie at the exit Annealing pi events 
the foimation of strains in the glass by lapid 
cooling 

Common glass is a mixtuie of sodium and 
calcium silicates with an excess of sihca 
(See equations, page 533 ) This glass — 
commonly called soda glass — is used for 
window panes, bottles, dishes, and many 
other aiticles. It softens at a iclatively low 


tempeiatme and is easily U'oiked into dif- 
fcient foims The compoMtion ot dilleicnt 
kinds of glass is shown m Table 31, m which 
the appivimalf poicenlages of the con- 
stitiieiits aie given 

Haid glass, which must beheated toahighev 
tempeiaturc than soda glass beloie it softens, 
IS a potash glass Fi/i ci buuid is a sodmm- 
aluiniiiuin boiosilieate, in which Ihiue is an 
excess of silica The lead-iiolash glasses aie 
soft but have a high index of lelvaelion and 
aic vciy biilliiint The lead glasses are used 
as paste m making iimtatuuis of (hamonds 
and othei gems, lenses loi ojilKad instill- 
ments, and some eut glass ai tides Jena 
glass, which at one tunc was imjioitcd into 
the United Slates in huge (luaiiLities, is 
composed of zmc-barium boi osihcates 

15 Color of Glass 

Common glass is often slightly green m 
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The Composition of Gloss 


Glass 

SiO. 

NojO 

CoO 

KiO 

PbO 

620 ^ 

AS2O3 

AhO, 

Soda Glass 

75 

15 

8 





2 

Optical Glass 

71 

5 

10 

13 



0 8 

02 

Pyrex Brand 

80 6 

3 8 

04 

06 


11 3 


2 

Potash Gloss 

80 

06 

7 

12 




04 

Lead Glass 

55 



11 

33 
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color bccauso ol Iho pu'scncc of small 
amounts nt foiious silicate This coloi is 
changed to the loss noticeable yellow of 
ferric silicates by the addition of manganese 
dioxide as an oxiilismig agent duiing the 
manufacture of the glass Blue glass is made 
by adding eolialt to foim cobalt sihcale 
Colloidal dispc'isions of coiipiu and gold pro- 
duce icd or luliy glass Selenium dccoloiizes 
green glass and is also used to make red glass 
Violet glass eonl.uns manganese, and gicen 
glass, cluomuun 01 eoppei Opaque oi i\ hite 
glasses aie piodueed liy adding substances 
such as stannic oxide, ealeiuin fluondc, and 
liouc acid, which aic suspended in the glass, 
01 which melt without icacting with the 
other consiitiu'iits 

1 6 Special Kinds of Gloss 
The non-shattei iiig glass novr used m auto- 
mobiles and in bullet-pioof windows is made 
by placing sheets ol cellulose acetate be- 
tween layci s ol sheet glass Recently, inex- 
pensive coinineicial glass lliat tiansmits ul- 
traviolet light has been piodiiced tor use in 
hospitals and elsmvheie as a sulistitiite for 
quartz A strong, flexible plate glass, which 
crumbles when it is broken, is made by sud- 
denly cooling (teinpeiiiig) the surface of 
plate glass in a sticam ol cold air 

Glass bucks aie used in constiucting walls 
of buildings, thus making windows unneces- 
saiy This use of glass is important m air- 
conditioned buildings Spun glass, or glass 
fibeis, consists of filaments made by drawing 


out softened glass through dies These fila- 
ments can be woven into fabiics, which aie 
used, for example, m making window ciii- 
tains Spun glass is also used as a means 
of heat insulation and as a filter foi gases and 
liquids Invisible glass can be produced by 
coating the suiface with a thin layci of 
ceilain kinds of soaps or of sodium fluoude 
Glass IS visible because of the light that it 
loflects The layer on the suit ace of invisible 
glass mtciferes with reflection 

17. Uses of Silicates 

Tn addition to then use in the manufactuie 
of glass, silica and silicates aie essential law 
mateiials in the cement mdustiy and in the 
manufactuie of buck, tile, poicelain, teria 
cotta, and othei ceramics Many of the 
natuial silicates are used m laige quantities 
fot vaiious pill poses hlica is used as an 
elcctiic insulatoi, as a decoiative material 
(".snow”), in paints, and in the windows of 
stoves Asbestos is used as an insulating 
material aiound hot watei, hot air, and 
steam pipes; in the manufacture of fiicpioof 
fabiic, and mth cement in the maniiiactuie 
of hieproof shingles Talc is used in “talcum 
powder,” soap, paint, lubbei, and paper 
Soapstone is utilized for switchboards, table 
tops, and sinks, in composition it is much 
like talc Manufactuied zeolites (page 534 ) 
aie used m softening watei Silica is used 
as a flux, as in the production of phosphorus 
from rock phosphate It reacts with cal- 
cium oxide to form the easily fused calcium 
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Figure 245 Fabrication of a Soxhiet Extractor 


silicate (slag) Since it is the oxide of a non- 
metal, silica IS an acid flux and is added 
when a basic mateiial is to be conveited 
into slag Conveisely, when silica is the 
impiiiity to be removed fiom an oie, a basic 
flux, such as calcium oxide, is added. This 
IS usually provided in the foim of calcium 
carbonate, which leacts with the silica to 
foim calcium silicate and to hbciate caibon 
dioxide 

liuih wool IS made fiom ceitam natuial silicates 
and from bla&t-fuinaoe slag, which is largely 
composed of silicates The silicate is fused and a 
thin stieam of the liciiiid is subjected to a blast 
of steam, which breaks up the stieam into diops 
Uiidci the piessuie of the steam blast, the viscous 
liquid of each (hop is foiced out into a fine thiead, 
n Inch quickly solidifies Masses ol these thieads 
make elTicieiit insulation against loss of heat oi, 
ulicn placed iii the walls and attics of houses, 


piotect the mteiiois m summer fiom the heat 
outside 

18 Silicones 

These inteiesting compounds have le- 
cently leceivcd considerable attention Their 
stiLictuies consist of S1O2 groups linked to- 
gether in the foim of chains 01 rings In 
addition to oxygen atoms, organic ladicals, 
such as CH3 01 CjHii, are also attached to 
the atoms of silicon A simple silicone may 
be lepiesenterl ns follow.S’ 

CH3 CHj CHa 


O-Si-O-Si-O-Si -0 •• 


CH3 CHa CHa 



SORON 


539 


The bonds that unite the dilfcicnt units of 
the chain arc oxygen-silicon bonds (0-Si). 
There arc several types of silicones Those 
that have a chain strnetui'c aic usually oily 
liquids and aic used as lubiicants in an plane 
motors Other silicones lescmble rubber, 
resins and othoi plastic inal,eiials They arc 
used for electiical insulation on wire, as 
waterproof conting.s on cotton and wood, 
and for several othei pin poses, 

BORON 

19 Occurrence 

Boron is not an abundant element, it 
constitutes about 0 001 per cent of the 
eaith’s crust It occuis as bone acid, HaBOi, 
and as salts ol coiidcnscd bone acids The 
Stashfurt deposits contain inagiiosium borate. 


Deposits in Death Valley, Califoinia, con- 
tain ulexite, NaCaBsOo 8 HjO Colcmamtc 
(Ca 2 BfiOu 5 Ii20), rasorUc (NajB.iOrd HoO), 
and borax (Na 2 B 407 10 HjO), aie found m 
the Mohave Desert of California Boiax is 
also produced during the leooveiy of potas- 
sium compounds fiom Seailos Lake (page 
390) The total annual production in the 
United States is about 300,000 tons, this is 
appioximately 9.5 pei cent of the noimal 
pioduction of the woild 

20. Preparation 

Boron oxide is difficult to leducc, but the 
1 eduction can be accomplished by heating 
the oxide with magne.sium 

BiOj -f 3 Mg — 1- 3 MgO -H 2 B 
Some magnesium boride is formed at tho 
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F.gure 246 An Inslallal.on of Hard Temperod Safety Glass in Stands of a Baseball Park 
Balls and bats hulled against the glass had no effect Spedalors are given a dear 
View behind home plate. 
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Figure 247 Planf Producing Borax at Boron, California 


same time The excess of magnesmm and 
the oxides aie dissolved in an acid, and the 
boion lb recovered as an impuie, biown, 
amoiphoiis solid, which melts at about 
2000° and solidifies to foim a very hard and 
brittle pi oduct Pui e boi on can be pi oduced 
by 1 educing boioii tiichloiide, BCI3, by 
means of hydiogen under the influence of 
an alteinating-cuiient aic 

21 Properties 

The element bums iinth a gieen flame and 
oxidizes slowly at lowei temper atm es It 
combines directly with the halogens at ele- 
vated temperatuies, except m the case of 
fluoime, in which it ignites spontaneously 
Its halide compounds are BF3, BCI3, BB13, 
and BI,i These compounds are not salts 
but resemble the halides of the non-metals — ■ 
that IS, CCI4, PCI3, etc It forms a sulfide 
(628^) when heated with sulfui, and a nitiide 
(BN) with nitrogen It docs not dissolve m 
acid but does Lhssolve in melted alkalies. 


such as KOH, to form boiatcs (K3BO3) 
It IS oxidized by nitric acid to form boric 
acid (H3BO3) When heated with certain 
metals it forms borides (MgsBo) In genoial, 
therefore, boion displays the chemical prop- 
erties of a non-metal of valence number 3 

22. Boric Acid 

Oithoboiic acid is usually prepared by 
heating a solution of borax with siilfuiic acid 
(2 Na+ -b B407=) + (2 H+ fi- SOr) — 5- 

(2 Na+ -b SOi=) + lijBiO, 
H2B4O7 + 5 H2O — > 4 liaBO, 

Since it IS not icadily soluble, boiic acid pre- 
cipitates as thin flakes, which are peail-hkc 
m color , and which arc unctuous to the touch 
It IS commonly known as boracic acid, and is 
used as an antiseptic, as a preseivalivc, and 
as a glaze for some kinds of pottery It is a 
weak acid When heated moderately, bone 
acid loses a molecule of watei and forms 
mdahoi ic acid 

II3BO3 HB()2 -b Hd) 
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The Irhahoiic aat) is formed upon further 
hcutiuf!, 

4 IIB().>— ^ IfaBiOTH- IfaO 
23. Borax 

Neutrali^alion of liono aeid liy .sodium hy- 
droxide yields sodium tetialioiiite, Ni^BiOy 
The hydrate, NiizBiOy 10 IdzO, whieh crys- 
tallizes from solutions at temperatur&s below 
60 °, IS called bora i This sub.stanee is found, 
with calciiini borate, in the Mohave Desert of 
California (page 539 ) and ivith potassium 
salts 111 Searle.s Lake (page 390 ) The min- 
erals arc converted into borax by treating 
them with wiitoi and adding .sodium cai- 
bonatc, which precipitates the calcium as 
calcium caibonate, and the boiax is then 
crystallized by evapoiating the solution 
Rasoiito (Na2Br407 4 HsD), which i.s also 
mined in Galiloima, is a source of boiax 
Wlicn treated ivith water the insoluble poi- 
tions of the deposit, are, icmoved by filtration, 
and the product obtaiiu'd by evapoiation is 
the decahydiate, hoiax 

Borax is used in making certain kinds of 
glass, enamels, and glazes Its solution is 
alkaline, since bone acid is veiy weak, and 
for this reason it is ii.scd as a mild alkali to 
soften wat,ei ; in soaps, as an antiseptic, and 
as a piesoivative It i.s also used as a flux 
in ceitaiii inctalluigical piactices When 
heated it melts and the liquid cools to give a 
glass This glas.s dis, solves the oxides of 
certain metals For this leason boiax is 
sometimes used to free metallic sin faces from 
coats of oxides before -wcldiiig oi soldering 
Small beads of the glass aio made to dissolve 
metallic oxides in testing foi tlie pie.sencc of 
eeitain metals Cobalt oxide, for example, 
dissolves to form a liliie liead The.se leac- 
tions depend upon the ]ji esence of an excess 
oi the acid anhvdiido, B2O7, in boiax The 
oxide of a metal reacts with this oxide to 
form a boiatc of the metal The reaction 
may be explained by wilting it 111 the foim 
of the following equations 

Na2B407 — ^ 2 NaBOj 4 - B2O3 
B2O3 -|- CoO — s- Co(B02)2 


Boiax is used in some kinds of glass to 
lower the molting point, to lower the coeffi- 
cient of expansion, to increase the coefficient 
of lefraction, and to decrease crystallization, 
to produce a high gloss on paper, as a moi- 
dant, and to clean hides and silk 

24 Other Compounds 

Ilydiides of boron — BaHs, B4 Hio, BsHg, 
BioHu — are produced by the same methods 
as those of silicon They arc inflammable 
and react with water to form bone acid and 
hydrogen Sodtum perboTate, NaBOs 4 H2O, 
sometimes assigned the foimula NaBOo H2O2, 
IS a vigorous oxidizing agent It is used in 
bleaching and as an antiseptic, especially in 
treating certain conditions ol the mouth and 
gums It IS made by the action of hydrogen 
peroxide upon sodium borate The caibida 
of boron, BoC, is very hard, almost as hard 
as diamond Boron niiride, BN, is pioduccd 
when the element is heated to about 700 ° in 
the an, m pure nitrogen, or m nitiic oxide 
It IS a white powder and is inter esting be- 
cause it IS one compound that can be made 
iioin ficc nitrogen, without much difficulty, 
by the direct combination of the elements, 

TITANIUM 

25 Occurrence and Preparation 

Titanium oceiiis m the soil and in many 

natural silicates in ivhich it replaces a part 
ol the silicon, which it 1 esembles very closely 
It is laiily abundant in the eaith’s ciust but 
it IS distributed widely and occurs in no 
concentiated deposits It occurs as 7 uhle 
(T1O2) and as ilmcnile, an iron oie (FeTiOs) 
These raincials are obtained m this country 
fiom Viiginia, Califoinia, and Florida Ti- 
tanium IS piodiieed bv reducing the oxide 
(T1O2) by means of caibon in an electric 
furnace The pioduct is not pure but con- 
tains caibon and nitrogen as the caibide and 
nitride oi titanium A moie neaily puie 
form of titanium is made by i educing the 
chloiide (TiCU) with sodium An alloy, 
loioivn as feiiotitaniiim and analogous to 
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tcuosilicon, IS produced when titamum- 
beanng iron ores aie i educed rvith caibon 
This alloy is used in making titanium steel, 
the titanium selves, as silicon does, to le- 
inove impurities and gives a steel ot great 
sUength and possessing the ability to with- 
stand sudden stresses oi shocks 

26 Properties and Compounds 
Titanium is silveiy-white in appeaiance, 
its specihc giavity is 4 5 , and its melting 
point is about 1800 ° Unlike silicon, it 
shows the pi operties ot a metal m some of its 
compounds and those oi a non-metal m 
otheis The dioxide (TiOa) resembles silica 
veiy closely, however, m acting as an acid 
anhydiidc As such it lorms titanic acids 
which leseinble the vanous acids of silicon 
These include condensed acids as well as 
acids analogous to oi tho and mctasiheic acid 
Ihnenite, FeTiOs, foi example, is a fciioiis 
salt of metatitanic acid, HsTiOa Tho fluo- 
iidc of titnmum also foims fluotitamc aeid 
(HaTiFo) , which IS analogous to fluosilicic acid 
Besides the dioxide, the monoxide (TiO) 
and the tiioxide (T12O3) aie known These 
are basic in chaiactoi Hence, titanium 
foiins salts in which the element acts as a 
tiivalent 01 a divalent metal Examples of 
these compounds aie the chloiidc, T1CI3, 
T1CI2, and the sullate, Tij(S04)3 Since ti- 
tanium acts noimally as a non-metal and 
foims stable compounds, such as Ti02, 
m which its valence nurnbei is positive 4 , 
these salts aie vigoious leducing agents At 
high tempeiatuies, titanium leacts with 
nitiogen to foim the nitiide, TiN The 
tctiachloiide, TiCh, is not a salt This sub- 
stance hydiolyzes in moist an, pioducmg 
dense clouds, and loi this icason is used m 
making smoke-screens 
The dioxide, T1O2, which is white, is used 
as a pigment in paints, poicelain, and othei 
ceiamic pioducts Maiketed undei vanous 
trade names, titantiiim pigments can be sm 
enied m the form of lead titanate, the puie 
dioxide, 01 the dioxide mixed with bauum, 
calcium, and magnesium pigments 
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Ziiconium occurs in natiiie in the mineial 
called zircon, which is zuconuun silicate, 
ZiSiOi, in baddcleyitc, which contains the 
oxide, Z1O2, together with tho oxides of 
silicon and othci elements, and as the fiee 
oxide, ziicoma The most impoitant de- 
posits ot these mincials aie found in Ceylon, 
Brazil, Norway, and m North Carolina and 
Floiida of the Umt.cd States The element 
foims an alloy with iron called ferro'arcomnm 
which is analogous to feuosihcon The free 
clement can be produced 111 the same manner 
as bee silicon and titanium It has some use 
in I adio tubes and in some flashlight mixtures 

Ziicomura is much more metallic m char- 
actei than silicon and titanium It foims 
the dioxide and also piobably the oxides, 
ZiO and Zr20-i Tho hydioxide coiiespond- 
mg to Z1O2 dissolves m both acids and bases, 
and IS consequently amphotci ic It dissolves 
leadily in acids to foim salts, such as ZrCU, 
or ztrconyl salts, such as ZiOCb, m tho lat- 
tei, wc may legard the hydi o\id(‘ as reacting 
as Lhe base Zr(OH)i - H2O — ZiO(OIi)2 
When the hydioxide dissolves m bases, ztr- 
comtes, such as Na2Zi03, are formed The 
tiichloride, Z1CI3, and the dichloiide, ZiCb, 
aie both known 

The most impoitant compound of zir- 
conium IS the oxide, Z1O2, which is used in 
making buck foi lining Imnaces, ciucibles, 
and othei utensils 01 articles which must 
withstand high tcnipciatuie without melt- 
ing The oxide is well suited ioi these pur- 
poses since it melts at aliout 2700 °, is le- 
sistant to chemical action, and has a small 
coefficient of expansion In these inspects 
it resembles quartz It is used sometimes 
in making opaque glass and enamels 

Eajninm is one of the more iccently dis- 
coveied elements ( 1923 ) It losembles zir- 
conium veiy closely, so closely m fact that, 
pnoi to the discoveiy of the element, it was 
present but umecogmzed in all of the zn- 
eonium mmeials and in the piepaied com- 
pounds of zii comum The compounds of 
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the element aie, thoiolore, hinnlar to thohc ot 
ziiconmm The only ditfcience, as wo might 
expect, IS a slightly gioatci tendency of the 
element, its oxides, and hydroxides, to dis- 
play basic piopeities 


Review Exercises 

I Gompau' and contrast carbon and silicon, and 
the lollowing com))ounds nl the elements the 
chlorides, the dioxides, the acids 

2, What IS silica gel'^ h’oi what puiposcs is it 
used'* 

3 What aic the foiniula-- ol the sodium salts of 
nitliosdicic acid, iiietasilicic acid, mthohoiic 
acid, metabolic acid, one disilicic acid, and 
one tusilicic acid''' 

1 What Is a cmif/f ii.sid oad? Him w the i elation 
ot the condensed silicic acids to liiSiOi 

5 Identify vvatoi glass, quai t/-, borax, CaSiOi, 
rock ciystal, loiiosilicou, Iluosihcie acid, dia- 
toiuaoooiih oai tli, oi tlioclase, ziiconia, II2T1O3, 
lock 01 muieial wool, liahiuiiri 

6 Why me solutions of sodium silicate and 
borax alkaline'^ 

7 lixplmn tlie use ol hoi ax m soap, m clcaiiiiig 
metallic sin laces, and 111 analytical cliemistiy 
vvlieie it is Used in testing foi ceitam metals 

8 What IS tlie chemical natuie of glass''’ What 
is the dilfoience m composition between soft 
and haid glass'’ How does the composition ol 
Pyiex glass diltei fioin that ot ordinaiy soft 
glass? 

9 Why IS calcium caibonate added to the charge 
ot blast luuiaces m which non oies aie le- 
ilucod to metallic non? 

10 In what respects aie hoi on and its compounds 
sumlai to silicon and its comjxmnds and m 
what lespocts aie they diheient? 

II IIow is hoiax picpaied horn colcmaiute and 
limn lasoiite'? 

12 How (loos the almndance of silicon and its 
compounds 111 natuie compaio with the 
almndance of caiboii and its compounds? 
Can you point out similar oases 111 winch tlieie 
IS a gloat difference m the lelative abundance 
of the hist and second elements in a peiiodic 
gioup? 

13 What is a flux? With what kinds ol sub- 
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stances do boiou tiioxide and silicon dioxide 
act as fluxes'’ 

14 Wide an equation to show how boiic acid, 
HjBOa, can be piepated fiom boiax 

15 What is the geneial method of piepaiuig the 
flee elements, boioii, ■silicon, Ptanium, /n- 
comum, phospliouis, ai sonic, antimony, and 
bismuth fiom tlieii oxides'’ 

16 How would you piocecd to piepaie the fol- 
lowing substances in succession, staitiiig with 
sihea'’ NajSiOi, H 2 H 1 O 2 , RiFi, and CaHiOj 

17. How would you piocecd m piepaiing fluosili- 
cic acid horn silica'’ 

18 Foi what pui’posos is feuosilicon added to 
noil in making steel’ IVhat is the composi- 
tion and geneial piopoities ot Diniion'’ 

19 U.smg the poiceiitages given in Table 31, 
calculate the weights of S 1 O 2 , Na 2 C 03 , and 
CaOOj lequii ed to make one ton of soda glass 

20 Wliat weiglit el aluminum is lequiied to pio- 
(luce a ton ol silicon by the 1 eduction ol silica’’ 

21 IVliat IS the pei eentnge of silicon 111 beiyl’’ 

22 A ceitam .silicatc-mineial was tound to 1011 - 
taiii 17 48 pel cent ot magneamm, 9 6 poi 
cent ot calcium, and 26 89 pei cent ol silicon 
The lemainder was louiid to be oxjgeii 
What IS the simplest toimula of the silicate, 
and what is if’ 

23 Outline a method involving a senes of icac- 
tions that can be used to piodiice silica gel 
from sand 

24 An iron 01 e ooutams tliiec pei cent ot silica 
What weight of calcium caibonate (limestone) 
IS leqiiiied as a flux toi each ton ol oie’’ 
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1. Introduction Explanation of Terms 

In oui study of solutions we learned that 
they aie appaiently homogeneous mixtuies 
of two 01 moie substances, and that the par- 
ticles of both solute and solvent aie of ap- 
pioximately moleculai, oi in some solutions 
of ionic, dimensions We may think of the 
molecules oi ions ot the solute as dispersed, 
or scatteied, in the solvent We aic now 
to considei dispeisions of pai tides of some- 
what larger magnitudes, yet not large enough 
to be seen with a micioscope 

If an insoluble solid is finely powdered and 
IS then thoioughly mixed with watei, it may 
remain suspended foi some time But the 
pai tides of the solid are usually visible, 
they can be separated fiom the liquid by 
filtration, and il moie dense than water, 
they will settle to the bottom ot the con- 
tainer af’tei some time Betiveen this kind 
of suspension and a solution theie aie othei 
mixtures that contain one substance dis- 
persed in an extiemely fine state of division 
m anothei substance The pai tides of these 
mixtures are not visible, they cannot be 
separated by filtiation, and they do not 
settle out of the mixtuie This kind of sus- 
pension IS called a colloidal dispersion, and 
the dispersed siilistanco is said to be in the 
colloidal stale The substance in which the 
pai tides ai e susjiendcd is called the dispersi ng 
medium, and the two substances together 
make a colloidal system A colloidal disper- 
sion in a liquid is called a sol and, when the 
medium is water, the dispei sion is a hydrosol 
When a sol is coagulated it is then called a gel 

It IS evident that there is no definite divid- 
ing Ime between the colloidal state and tiue 


solutions, on the one hand, and the colloidal 
state and oi dinar y mixtuies of particles of 
solids and liquids (or any othei states of 
matter) on the other The dilfeiences among 
the three kinds of mixtures depend laigely 
upon differences m the sizes of the particles 
of the substances which make up the mix- 
ture When the particles of the dispcised 
substance are smaller than one millionth of a 
millimeter (one millimici on, my) in diametei , 
the mixture begins to exhibit the propeities 
of a true solution These propeities include 
the effects of the solute upon the vapoi 
tension, boiling point, and fieezmg point of 
the solvent Colloidally dispersed particles 
are, m general, those whose diameters lie 
within the range of 1 my to 100 my Above 
100 my, the pai tides become visible with 
the aid of a powerful microscope, and the 
mixtures behave as ordinary suspensions 
We must undci stand, however, that the 
smallest particle of a dispersed substance 
that shows colloidal characteristics may con- 
sist of seveial thousand molecules 


2. The Colloidal State of Matter 

The form and physical characteiistics of 
colloidally dispersed pai tides vary widely 
They may be grains, droplets, bubbles, oi 
even films and filaments, if the films are thin 
enough and the filaments are small enough 
in diameter to come within the range of 
colloidal dimensions Colloidal suspensions 
appear to be homogeneous, but they differ 
widely from true solutions Such mixtures 
have negligible osmotic pressures, and their 
fieezing and boiling points are approximately 



546 COLLOIDAL 

the same as those of the puie luiuid in which 
the suspensions exist 

The name colloid was suggested by Gia- 
liam (ISGl) The woid comes from the 
Cheek woid A olla, which moans (flue Graham 
used this tciin to distinguish ccitain sub- 
stances fiom Cl ysloMotds, which foim tuic 
solutions Wc now know that the colloidal 
state of some substances is moie easily pio- 
diiced than that of othcia, but this state is 
not peculiai to any one gioiip of substances 
Any substance may so exist under suitable 
conditions vSodium chloiide is a substance 
that wo should least expect to find in any 
but a ciystalhne state oi in a tiue solution 
But if sodium and chloiide ions foim sodium 
chloiide in a liquid in which salt does not 
dissolve, the pioduct may be obtained as a 
colloidal dispel Sion Even ice may exist as a 
colloid uhen the watci dissoh'ed in certain 
01 game liquids is cooled below its fieezing 
point In goneial, theie is but one limita- 
tion the colloidal state of one substance can- 
not bo pioduced in anothci in which it is 
soluble 

3 Kinds of Colloidal Dispersions and Their 
Importance 

Suspensions in which a liquid acts as the 
dispel sing medium aie most familiai and 
most impoitant, but in otliei cases the dis- 
persing medium may be a gas oi a solid, and 
the dispel sed substance may be a liquid, a 
gas, 01 a solid With the exception of a gas 
dispersed in a gas, the paits of a colloidal 
by&toni may lepresent any states of mattei 
Fog (liquid in a gas), foam (gas m a liquid), 
and smoke (solid m a gas) are, oi may be, 
colloidal dispel sions ^Phe blue coloi of some 
ciystals ol lock salt is due to the colloidal 
dispeisioii ot metallic sodium in the salt 
(solid in a solid) White floweis and gray 
hail contain dispersed an bubbles (gas in a 
solid) 

Since it applies to so many ditfeient sys- 
tems and, uiidei certain conditions, to almost 
eveiy substance, mfoimation concerning the 
colloidal state is of gicat value m mdustiy, 
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in agiiculture, in medicine, and in fact wher- 
ever materials aie used Glue, clay, mbbei, 
bakelite, glass, paints, vainish, cements, 
Inbiicants, and soap contain matcuals in tlie 
colloidal state d’he living cell is laigcly 
colloidal 111 chaiactei Its wall is colloidal, 
and within it there is a jclly-hke dispersion 
The piotoplasm ol every cell in the animal 
body IS a colloid So, too, aie the vaiious 
stiuetures of plants In short, wc may say 
that living tissue is colloidal, and the various 
activities in which it is involved in life proc- 
esses aic largely those concerned with the 
chemistry of the colloidal state 
The chcinistiy of the colloidal state ot 
mattei is of gieat impoi Lance in physiology 
and medicine, because it conceins piacticully 
every problem of hie processes — nutrition, 
digestion, secietion — and the more geneial 
problems of the body’s structuie and state 
of health Colloidal chemistiy is also im- 
portant in the manufactuiG of paper , textiles, 
the tanning of leather, the iniuiufactuic ot 
lubbei goods, in the pioductioii of photo- 
giaphic plates and films, varnishes, glue, 
inks, plastics, cements, pottery, dairy prod- 
ucts (butter, cheese, etc), salad dressings, 
food pioducts ot all kinds, and in many 
othei mdustiies. The soil contains many 
colloidally dispersed substances, and the 
physical condition of the soil, which is often 
of great importance — 'as important as tho 
compounds present — is, principally, a mat- 
ter involving these colloidal systems 

4. The Colors of Colloidal Dispersions 
The deep blue color ot some lakes is pio- 
duced by colloidally dispersed matenal in 
the watci, and the blue ot tho sky is caused 
by colloidal dust Colloidal dispei sions aie 
lesponsible foi blue glass, blue eyes, and blue 
feathers The small particles of colloidal 
dispersions absorb ccitain colors, oi wave- 
lengths, from white light, depending upon 
their dimensions The colloidal dispersions 
of the same substance may therefore show 
several diffeient colois under different condi- 
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lions Thus, colloulal gold , suspensions in 
water may be it'd, green, blue, oi violet 

5 Classes of Colloidal Dispersions in a Liquid 
It we eoiilinti oui at.tcntioii for the picsent 
to dispeisions in a liquid — ihese me most 
impoi taut — they may be divided into two 
classes lyophilic and bjophohic colloids, oi if 
the liquid is walni, hyd) opjiilu and hycho- 
phohic colloids The toimei aie substances 
that natuially foim colloidal suspensions 
when mixed with the liquid without, the em- 
ployment of any special methods of jncpaia- 
tion Idiey include glue, staieh, gums, and 
piolcins, such as gelatin and albumen Tjyo- 
phobic colloids are, loi the most pait, ele- 
ments 01 compounds oi an moigame ehar- 
actei They must not be soluble in the dis- 
pensing medium, S]ieeial mcthod.s (sec next 
section) must Ik' employed to piepaie stable 
suspensions of lliese substances Lyophilic 
colloids appi'ai to possess an attiaction foi 
the iKiiild, Urns hi'cinuing highly mlvaled — 
eomlimed with the solvent, as in a Imliale 
Many substances Unit act in this mamioi , the 
pioteins loi exanqile, eonsisi oi veiv complex 
molecules, and then moleeulai weights may 
icach 100,000 oi mori' In some of those 
mixtuiob the eolloidal jiaiLieles inav bo these 
veiy huge molecules 

Ijyophilic colloids aie u’twmblr, nhieh 
means that when tlu'y aie piecipitaled from 
the dispel sed slate, they can be coiivi'rted 
once moie to that condition when the liquid 
IS added to them Thus, albumen can be 
piccipitated by the addition of a eoneeii- 
tiatcd solution ol a salt, but it will be ledis- 
peiscd it thoioughly washed and placed m 
]niic water Even wlieii dru'd, it slowly le- 
di.spciscs wlien watei is addi-d byophobie 
colloids me not leveisible, vhen tliey me 
once piccipitated, they me not ledispeiscd 
vlien the liquid is again added This gioup 
of colloids IS not solvated, oi at most only 
slightly solvated, by the dispersing medium 

The names siii,pensotds and emulsmds are 
sometimes used instead of lyophobic and lyo- 
pliilic colloids The formei terms me moie 


general in ineamiig Suspensoick may refei, 
for example, to fog, foams, or suspensions of 
gases Ol solids in solids, ivlulethe teim lyopJw- 
bic colloid IS applied only to a suspension of 
a solid in a liquid 

6 The Preparation of Colloidal (Lyophobic) 

Dispersions 

Solids can lie dispensed to foim lyophobic 
suspensions by soveial methods which me 
classified as (1) dispeision oi (2) condensa- 
tion methods We shall speak only of sus- 
pensions in watei 

( 1) Dispcmon Methods fidiese methods of 
pioducmg colloidal suspensions involve the 
subdivision of coarse pai tides of the sub- 
, stance into particles of colloidal dimensions 
Grinding oi o(,her purely pliysieal opci atioiis 
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aie used for this purpose The colloidal mill 
IS a machine especially designed to pioduce 
the lequiied state of division, it is used in 
many industiies The dispersion is some- 
times effected by adding to the medium a 
second substance that acts upon the giains 
of the fiist substance to bieak them up into 
pai tides of colloidal size The substance 
that acts in this manner is called the pephaing 
agent and the piocess is called pepiizaiion 
Thus, a dilute solution of sodium hydroxide 
peptizes clay 

The liquid medium, itself, sometimes 
causes the peptization of certain solids 
Thus, glue and gelatin aie peptized in water 
without the aid of a mechanical device or a 
chemical peptizing agent Shellac, resins, 
and ceitain gums foim similai colloidal sus- 
pensions m othei liquids All these are ex- 
amples, of course, of iyophihc colloids, oi 
cmulsoids 

Colloidal clispei&ions of metals below liydiogen 
ill the electiocliemioal senes can be produced in 
water by the Brediq arc process Metals above 
liydiogen aie dispeised by the same process m 
liquids othei than water Two wiies of the metal 
aie allowed to dip undei water The outside ends 
of the wiles are attached to an electucal circuit 
The ends under water aie sepaiatcd slightly, and 
an electiic aic is pioduced between them Small 
pai tides of the metal aie split off of the wiie and 
I ecome dispeised in the liquid Similai pai tides 
may be pioduced by the condensation of the 
vapor of the metal wluch is volatilized at the 
tempeiature of the arc 

( 2 ) Condensation Methods These methods 
involve the foi matron of pai tides of col- 
loidal dimensions by causing smaller parti- 
cles, molecules for example, to aggiegate 
They depend upon chemical leactions, be- 
tween the molecules oi ions of two sub- 
stances, in wluch insoluble pioduets aic 
loimed The pai tides of the pioduct must 
lemain ivithiii the lange of colloidal dimen- 
sions; othennse, of couisc, they would foim 
the laigei agg legates that make up what we 
usually call a piecipitato 

The reactions employed to pioduce col- 


dispersions 

loidal dispersions by condensation methods 
are usually ( 1 ) double decomposition or ( 2 ) 
reduction A daik led suspension of feme 
hydioxide ^ is foimed by mixing a concen- 
trated solution of feme chloiide with hot 
watei This leaction is a double decomposi- 
tion (liydiolysis) 

(Fe+++ + 3 Cr) -t- 3 HOIT — ^ 

Fe(OH )3 + 3 (11+ -h C1-) 

The formation of colloidal suspensions of 
the hydi oxides of the metals explains why 
precipitates do not always foim when the 
salts of the metals hycliolyze, although the 
hydi oxides of most of the metals are only 
slightly soluble When the salts aie dis- 
solved m water theie is no piecipiLate, al- 
though we aie ceitam that they have reacted 
in some cases to an appieciablc extent to 
foim the hydioxide and to hlieiate the acid 
The insoluble hydioxide remains m the liquid 
in the colloidal state 

A colloidal suspension of arsemous sulfido 
IS pioduced by the reaction of hydrogen sul- 
fide and aisemous acid in the absence of 
elcctiolytes such as hydiochloiic acid 

2 HsAsOa + 3 HjR — >- AS 2 S 3 + 6 H 2 O 
As examples involving i eduction, we may 
take the foimation of a colloidal gold dis- 
peision by the leduction of gold (aune) 
chloiide m dilute solutions by such sub- 
stances as tannin, hydi oquin one, foimalde- 
hyde, and feirous sulfate 

PROPERTIES OF COLLOIDAL SYSTEMS 
7. The Tyndall Effect 

When a beam of light enters a dailu'iied 
room thiougli a small opening in a window 

i Meiely as a mattei ot convenience, we have indi- 
cated the substance produced in this reaction as 
the hydroxide, Fe(OH )3 It is proljiihlv mwe 
nearly accurate to consider the reaction as one that 
involves the hydiolysis of the hydrated feme ion 
Fe(H20)ii+++, to lorm FctOHl-iCriiO) , The equa- 
tion would be written as follows foi this leaction 
(^'e(II^O)^^■H--l-3 Cl-)-t-3 liOII y. 

Fe(0H)3(H20),-|-3H30++3 01“ 

The hvdrated ferric ion acts as an acid and water ns 
a base 
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shade, small particles of dust, which aic not 
visible m a well-lighted loom, can be seen 
Many of these dust pai tides aie of colloidal 
size They are observed in the claikened 
room as tiny blight flashes, because they le- 
flect light in all directions, as they move in a 
more oi less landom manner in its path 
Although the obseivei may be at right angles 
to the path of the beam, some oi the light 
leaches his eye The same phenomenon can 
be obseived by passing a beam of light 
through a colloidal dispeision (Figuie 88) 
The dispensed particles act in the same 
mannei as the dust pai tides and scattci the 
light in all diiections, thus making the beam’s 
path thioiigh the mixtiue visible The 
illumination in this inannci of the beam’s 
path through a liquid is called the Tyndall 
effect Each solid pai tide in the dispersion 
becomes a soiii ce of reflected light, although 
the pai tides aie too small to be seen with 
the help of the most poweifiil micioscopc 
The iilti amici ohcope is based upon the 
Tyndall effect An intense beam of light is 
passed thiough the colloidal dispersion which 
IS contained in a small cc'll. A micioscope is 
focused upon the contents of this cell, which 
IS observed against a dark background We 
do not actually see (he pai tides suspended 
m the liquid We are, however, made awaie 
of then presence by then effect in seal teiing 
and leflecting the light that falls upon them 
Tiue solutions do not show' the Tyndall 
effect This, then, is a method by w'hich a 
tiue solution and a colloidal suspension can 
be distinguished 

8 The Brownian Movement 
When colloidal disiiersions m a liquid 
medium au' examined by means of the ultia- 
micioscope, the pai tides aio seen to be in 
constant motion (Elgin e 249) A pai tide 
moves m a stiaight line foi a short distance 
m one dnccLion, and then suddenly changes 
the duel lion ol its path This phenomenon 
w'as hist obseived and lepoited by a bota- 
nist, Bi ow n, in his studies of pollen dust sus- 
pended in watei It is now called the Bimvn- 



Figure 249 The Brownian Movement 

lan movement It provides one of the most 
convincing aigiiments in favoi of the molecu- 
lar states of liquids and gases If the liquid 
in which the small pai tides of solid aie dis- 
peised consists of molecules, and if these are 
moving, they will collide with a colloidal 
pai tide The latter, being fi ee to move, will 
tiavel in a straight Ime until the diiection of 
its path IS changed by collision with othei 
molecules ot the medium The impacts 
against all sides of a very small pai tide usu- 
ally do not balance, as they would foi a 
laigci pai tide m the body of a hciuid 
(Figure 250) Consequently, the paitidc is 
urged fiist one way and then another The 
Biownian movement of colloidal pai tides is 
one reason why they do not settle 

9 Electrical Charge 

In general, the pai tides of lyophobic dis- 



Figure 250 Impacts of Molecules of Solvent with 
Large Particle (top) and with Small Particle 
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pci&ions are electrically chaiged The pres- 
ence of electrical charges can be demon- 
stiated by placing electiodes in a colloidal 
siispenbion of aiscnious sulfide The dis- 
persion IS found to be a condiietoi The 
colloidal raatciial, which has a yellow color, 
moves toward the anode and is therefoie 
negatively chaiged At the anode, the elec- 
tiically chaiged pa: tides aie dischaiged, and 
the colloidal dispeision is converted into a 
piecipitate It seems, theiefore, that the 
electiical charges of the particles are neces- 
saiy, in some way, to the colloidal state of 
this sulistance All the pai tides possess the 
same land of ehaige Most of the sulfides of 
metals and the metals themselves iorm nega- 
tively chaiged colloidal dispcisions The 
hydi oxides of the metals, such as ferric hy- 
dioMde, have positive chaigos 

The chaiges of colloidal particles piobably 
lesult fiom the adsoiption of ions which exist 
m the medium These ions aie frequently 
hydiogen or hydroxyl ions It the paitides 
adsoib positive ions iiioie leadily than nega- 
tive ions, they acquire a positive chaige and 
vice vetsa It is leally the chaige of the ad- 
sorbed ions that causes the colloidal particles 
to move under the influence of a diffeience in 
dectiic potential Since all the particles of 
one kind eai ly the same kind of charge, they 
repel one another This condition prevents 
them from coalescing to form laigci aggic- 
gates, and is one more reason why they le- 
main suspended instead of settling The 
adsoibed ions act as the peptizing agent 

1 0 The Effect of Electrolytes upon Colloidal 
Dispersions 

Many cases arc known in which ions are 
lesponsible both foi peptization of a colloid 
and also toi coagulation oi piecipitation 
It silvei bioiiudc is foiracd in the presence of 
an excess of silver ion, the pat tides of silvci 
bromide adsorb silver ions and become col- 
loidally dispel sed, thus failing to piecipitate 
These paiticles, of course, rue positively 
chaiged If the bumude ion is present m 
excess, it is adsoibed, and a negatively 


DISPERSIONS 

charged dispersion of sflvei biomide results 
On the other hand, a dispersion ot arsenious 
sulfide is leadily coagulated by the addition 
of hydi ochloric acid The negative chai ge of 
the particles is due to the adsorption of 
hydioxyl ions The addition of the acid re- 
moves these ions fiom then adsorbed state 
and converts them into water molecules 
Hence the arsenious sulfide paiticles lose 
their negative charges, and can then form 
larger aggregates Not only does hyclro- 
chloiic acid piecipitate aisenious sulhde from 
its dispersed state, but salts, such as sodium 
or ammonium chloride, do the same The 
addition of an excess of positive ions of any 
kind neutralizes the negative charge carried 
by the paiticle This effect lesults fiom the 
tendency of the ions adsorbed by a colloidal 
particle to attract ions of the opposite sign, 
thereby decreasing, or even completely 
neutralizing, the charge on the paiticlc 

As a gencial lule, we may say that col- 
loidal dispel sions are likely to lio produced 
m solutions containing low ionic concent, ra- 
tions When once formed, they aie likely 
to be coagulated by the addition of high 
concentiationa of ions whose chaiges aie 
opposite in sign to tho,se which aio adsoibed 

The effect of ions upon colloidal dispci- 
sions IS shown when iivei waters, which con- 
tain consideiable mateiial m colloidal sus- 
pension, flow into the sea The salts of sea 
water cause these colloids to bo piecipitated, 
and the deposit ol this mateiial leads even- 
tually to the foimation of a delta 

In the laboratory, piecipitates fiequently mu.st 
be washed to lemove othei substances that may 
bo pieseiit in the solutions tliat wet f,hem If a 
piecipitate is to be dried ainf weiglied as arsenic 
tiisulfidc, foi example, otlicr sulistaiiecs, sucli as 
sodium chloiidc, must lie loinovcd liy washing to 
pievcnt an eiioi in the estimation of the weight 
of the aisenic tnsulfide Dunng the washing, 
the piecipitate may be changed into tlie colloidal 
state, and if this happens, it will lie lost by passing 
thiough tile filtei This condition may ijisult 
when the watei used in wa slung icmoves ceitam 
inns that counteract the effect of the ions that 
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were originally adsorbed by the colloidal parricles, 
and that aie responsible for the electneal chaiges 
of these pai tides To prevent the foimatioii of 
the colloidal state dining washing, ammonium, 
salts, which can be removed later by heating the 
jiieoipitato — because the ammonium salts de- 
compose when heated — ai e added to the w.itei 
used foi washing The ions of the ammonium 
salt leplace the ions lemoved by the water and 
thus prevent the formation of a dispoisioii 

1 1 The Electrical Charge of Lyophilic Colloids 

The same ]yo]3hilic colloid may exist in a 
dispeisioii with no eloctiical chaige, oi it 
may be cithei positively or negatively 
chaiged The kind of charge depends upon 
the hydrogen ion concentiation of the 
medium Many of these substances aie am- 
photeric In a strongly acid medium they 
attiact hyduigen ions and iK'corac positively 
chaiged In an alkaline medium they give 
up hyduigen ion (from some part of thou 
OAvn stiuclui e), and theictoie possess a nega- 
tive chatge. At a ceilam pll ol the medium 
the colloidal particles have no chaige This 
condition of the mocluim is called the isoelec- 
tric point of the colloidal clispeision 

12. The Precipitation of Colloidal Dust Particles 

The Colt) ell elect) ual prccipilaloi is used to 
recover substances fiom smokes oi fumes and 
to pievcnt smoko fiom luinaeos The es- 
caping gases aie passed through a .space 
aciosB which thcic is a high voltage, or dif- 
ference of potential The small particles of 
the smoke — chiefly solid particles — aie 
colloidally dispersed in an oi in othei gases 
In the electa le field these particles become 
charged by induction and act, tlieiefoic, in 
the same inaiiiiei as colloidal dispeisioiis in a 
liquid In the Cottiell pioco.ss tho paitielcs 
aie atti acted to the highly chaiged clcc- 
tioclcs, rvherc ihey aie discharged and de- 
posited as dust The piocess is used to ic- 
covei valuable pioducts that otheiwise 
would escape fiom the stacks of sinclteis, 
kilns, and fiunaccs Potassium salts may 
thus be lecoveied fiom the dust ol cement 
kilns, selenium fiom the dust of pyiites 


biirnens, and valuable metals or their com- 
pounds, which u'ould otherwise be lost, may 
be piocipitated m the flue dust fiom smelters 
and foundiies The Cottiell piocess is also 
used to picvent or lessen the “smoke nui- 
sance” in mdustiial ccnteis Ordmaiy 
smoke is black because it contains unbuined 
particles of caibon and othei substances, 
both solids and liquids These may be pic- 
cipitated in the same manner as othei small 
particles that aie colloidally dispersed 

13. Dialysis 

Since high conccntiations of ions tend to 
piecipitatc colloids, these ions must bo le- 
inoved if the colloidal dispeisions aie to 
lemain in a stabilized condition foi any 
length of tunc This i emoval may be effected 
by hiking advantage of the fact that colloids 
will not pa.ss thtoiigli many kinds of mein- 
bianes peiineiible to watci and to tho ions of 
electi oly tos dissolved m the watei Oi dinai y 
filter papei is peiineablc to colloids as u'cll 
a,s to water, ions, and the solutions of othei 
substances, but certain kinds of membranes, 
such as egg skin, pai chment paper, cellophane 
(not the waterproof variety), and bladclei, 
will hold back the colloidal dispeision, thus 
peimittmg it to be separated fiom substances 
that aie in true .solution This process is 
called dialysis 

To show clialy.sis, make a bag fiom a .sheet of 
paiclunent papei and place in it a fie.slily pie- 
pared colloidal dispeision of feme hydroxide 
This dispeision contaiirs hydiochloiic acid winch 
IS to be icinoved by dialysis Tho bag i.s then 
suspended in a vessel filled with watoi If this 
watei IS changed fiequently, the acid passes 
tliioiigh the membianc, and a veiy pine and 
stable su&i)cn,sion of feme hydi oxide may be 
obtained The passage of the acid thiough the 
walls ol the bag may be verified by testing the 
solution in the beaker foi chloiidc ion by means of 
silvei mtiate 

A filter which will letaiii colloidal jiai tides is 
called an vlha-liUer The filteiing inateiial in 
such a device is i eally a colloid itself A layei ot 
jelly (gelatin, silicic acid, oi the like) is supported 
on poious poioclaiii oi filtei paper, and the 




Figure 251 CoMreli Electrical Precipitator 



Courtesy of Western Precipilafwn Corporation 


Figure 252 Electrical Precipitator 

The efFecI of the precipitator on smoke from a lamp black briquetting plant is shown in the right-hand picture The picture 
on the left was taken before the precipitator was installed 
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Figure 253 Diagram ef Cell Used for Dialysis 
The ferric hydroxide dispersion is retained in the bag, 
while the hydrochloric acid diffuses through the parchment 
and into the pur© water 

liquid mcdiiiiii m hIucIi 11ig colloid particles aie 
dispel sed is toiced thiough it when piessuie is 
applied The colloidal matciial lemains heluud 
on the layei ol jelly Tlie ullia-hltoi is of con- 
Bideiable use in leinoviug colloids from solutions 
of soluble suh'-tiuices, lu idoiitiiyiiig vaiious ma- 
tciials as eolloidal dispeisioiis, and in concciitiat- 
ing and studying vaiious colloidal substances, 
such as ciinyiiies and hactoiial toxins, that occiii 
m veiy small amounts in a liquid luodium 

14 Protective Colloidal Substances 
In some eollouhil systems the ooagulation. 
ol one colloid may be prevented by the 
piesence of anothei, The second colloid 
piobably toims a 'prolcchve him oi coat 
aiound the paitndes ol the fust, thus pic- 
venting them liom coming into dncct con- 
tact and coagulating to ioim laigc paitieles 
that would not leinain m snspension Gcla- 
l,m IK the most lanuliar and widely used 
protoclivi' colloid It.s action may lie dcinon- 
stiatcd by mixing a solution oi potassium 
biomick' with a solut.ion of silvei nitrate 
that contains aliont one pci cent of gelatin 
Natuiallv, we should expect a precipitate 
of silvei biomidc to loim, but there is none 
We may assn me that the gelatin pi events 
the foimation of a piecipil'ite by foiinmg a 
piotective film aiound giains of the silvei 


bromide of colloidal size The gelatin that 
coats photogiaphic plates and fibns main- 
tains the colloidal dispersion of the silvei 
salts, which are prepared in this manner. 
Many suspensions are moie stable if they aie 
foimcd in the piesence of gelatin This is 
true, partzcularl}^ of suspensions of the 
metals Gelatin acts as a piotective colloid 
in the manufactuie of ice cioam, in which it 
prevents the formation of ciystals of ice 
and sugar Gum aiabic acts m similai 
capacity m maishmallows and in inks 
Lactalbumen in milk acts as a protective 
colloid in pioducmg cuids of smaller pai ti- 
des, Avhen the casein of the milk is coagu- 
lated in the stomach Glue, stai ch, and simi- 
lai substances aie used as piotoctn^e colloids 
in mixliues that aie added to the watei in 
boilers to picvcnt the foimation of scale 

1 5 Emulsions 

An emulsion is a thspeision of voiy small 
diops ol one liquid m anothei, with which 
it IS not miscible Wc may prepare an 
emulsion of kerosene and water by violently 
shnkmg the two liquids togethei A milky 
fluid, consisting of thousands of chops of one 
liquid m the othei , is the lesiilt This emul- 
sion, howevei, is only tcmpoiary Watei 
has a high siaface tension, and in attempting 
to reduce theii surface, the small diops of 
this substance coalesce to form larger diops, 
until, finally, the watei sepaiates entnely 
horn the oil to foim a distinct layer 

To piepaie a stable emulsion, we must 
employ a thii rl substance called the emulsijy- 
tnrj agcnl This substance must pievent 
the sopaiation of the liquids into two layois 
The emulsifying agent may produce two 
ellectb (1) It may dcciease the siuface ten- 
sions ol the liquids, theieby lessening the 
tendency ot small chops of each to coalesce 
to fnim laigci ones, (2) It may form pro- 
tecting layeis oi films about the chops ot one 
of the liquids Soap, foi example, is an 
emulsifying agent foi a raixtiue of keiosene 
and wate-r With oulinaiy soaps, drops ol 
oil aie dispersed m watei Calcium soaps 
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CouTtos)! (J ProDimf Mill Corporation 

Figure 254 An Ordinary Emulsion at left and Emoisjon Processed Through a ColJoidal Mill at right 


cause diops of watei to be clispeised m the 
oil In this connection it should be said 
that oidinaiy soap is a colloid which is 
peptized by water Calcium soap, which 
IS not peptized by water, is leadily peptized 
by oils The general lule, theiefoie, is that 
the licjuid which peptizes the colloidal emul- 
sifying agent will act as the dispeising me- 
dium foi the second liquid ot the emulsion 
The cleansing action of soap depends 
chiefly upon its action as an emulsifying 
agent in I'oimmg stalile emulsions of watei, 
oils, and giease Milk is an emulsion of 
diops 01 globules of buttei-fat in watei, Avith 
casein seivmg as the emulsifying agent 
When the milk “souis,” because of the foi- 
matioii of lactic acid, the emulsifying agent 
IS piccipitated and the emulsion is no longci 
stable When this happens, fat is readily 
scpaiated fiom the watci as biittei, which is, 
itselt, leally an emulsion of water in biUlei- 
lal Mayonnaise is an emulsion of olive oil 
in dilute \megai, foi vhich the yolk ot eggs, 
■which IS a colloidal inateiial, acts as the 
eimilsilying agent Soap is the emulsifying 
agent in emulsions of watei and ceitaiii coal- 
tar products known as ciesols that aie used 
in making tlisinleclaiiLs 

The stability ol an emulsioii depends upon 


the emulsifvmg agenl Hence, an emulsion 
may be destioycd by the addition of a sub- 
stance which converts the emulsifying agent 
into anothei substance Thus, an emulsion 
of oil and watei in winch a sodium soap is the 
emulsifying agent may be bioken up by 
adding an acid, which leacts with the soap 
to foim a sodium salt of the acid added and 
the free acid (stearic, oleic, or palmitic) of 
which the soap was oiiginally the sodium salt 

16. Jellies 

When an emulsoid “sets,” it foims a, jelly, 
sometimes called a qel Thu acidification of 
a solution of sodium silicate causes the foi- 
mation of a jelly of silicic acid (page 534) 
It is thought that the silicic acid loims a 
ccll-hke mass, the walls of the “cells” aie 
made up of hlamciit-liko stnictuics, which 
aie composed of stiings of united pai tides 
Inside these cells the luiuid is hold in about 
tlic same way as a sponge holds wal oi When 
the jelly IS paiiially dchydiatcd, a poious 
piodiict, called bilica gel, lesults (page 535) 

The filaments laigely icspousiblc foi the 
stuictuich of jellies aio highly hydrated 
matciials This is tiue, for example, of the 
pi otein-con taming tissues of the body, 
ivhicli leadily hydrate and aie present as 
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gels in the hodv Undue hydialion of those 
tissues pioduees snelhiig, oi oedema 'rhe 
swelling and Inusimg ol seeds planted m the 
soil IS a pioeess tluit depinids upon the hy- 
diation ol eolloidal maleiial 
Flint jellies me nuuU' lioni aeid-cioiitiuning 
juices ol eeitmn Imils, sugar, and peeliii, 
which is a natuial const itueiit ol some liuits, 
such as apples and grapes 'I’he acid aids in 
the hydiation ol the pectin and iii the 
formation of the, jelly Soa|) is a jelly (par- 
tially diied), and agate is a dry loan of 
sihca jelly Solid alcohol is a ji'lly piopaied 
lioin soap and alcohol, calcium acetate and 
alcohol, or cellulose ml i ate or acetate and 
alcohol The alcohol is held in the cell- 
like poies ol the othei substance Other 
famihai jellies me gelatin dvmiimte (page 
485 ), “gelatin desserts,” photogiajThie films, 
and many piepmations eoiitamiug hydiated 
starch 

17 Adsorption 

Adsoiption iclcis lo the tendency of pai- 
ticles (usually molecules oi ions) ol one sub- 
stance to adhcic to the suilacc ol ccitam 
solids Ol liquids lliis teiin should not be 
confused with absoiption which lefeis, toi 
example, to the taking up of watci by a 
sponge, 01 to the penetiatioii of a solid by a 
liquid 01 a gas because of the poiosity of the 


solid Adsoiption is largely a surface phe- 
nomenon, consequently, the powei of ad- 
sorption that a solid or a liquid possesses 
depends upon the amount of suifacc that it 
exposes to the pai tides of an othei substance, 
as well as upon its chemical nature A cube 
which IS one centimetci in length along each 
edge has only six squaie centimcteis of sur- 
face, hut if this same cube is bioken up into 
particles of colloidal size, the total suiface 
IS measured in thousands of squme meteis 
Colloidal pai tides, therefoie, show extiemdy 
gieat adsoiptive powei s In fact we may 
define collouL as substances winch have been 
so finely divided that surface effects play an 
nnpoilant part in deteinnninci then piopertics 
Then adsoiption of ions is respoixsible, at 
least in pait, lor then clcctiical chaigo 
Ccitain matciials, even -when they exist as 
pm tides laigei than those that he within 
the lange ol colloidal dimensions, also adsoib 
liquids and gases, and when placed in solu- 
tions they may also adsoib molecules oi ions 
Foi all of these matenals adsoiption depends 
upon the extent of suiface, and theiefoic in- 
ci oases as the size of the pai tides deci oases 
Not all liquids, solids, gases, or ions aie ad- 
soibed equally leadily oi to the same extent 
1 )V any one mateiial As alieady stated 
(page 291 ), the chaicoal used in gas masks 
adsoibs some gases veiy leadily and others 
not at all under oidinary conditions 

18 The Flotation Process of Concentrating the 
Ores of Metals 

The ores containing valuable metals arc 
mixed wiili eaithy mateiial, fiom which 
they must be sepmated bdoi'e the metal is 
ipcovcied Some ores contain loss than one 
per cent ol the metal Any elfective method 
of eoncentiating them will make possible 
the recovciy of the metal without the pres- 
ence of extiemely laige quantities of inert 
and woithless mateiial to iiiteiteie in the 
inetalluigical icactions and operations in- 
volved in the extinctions One piocess em- 
ployed toi this purpose is called flotation 
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Figure 256 Diagrammatic Sketch of a Flotation Cell 

The oie is cuishcd and thoioughly mixed 
with watei to which about one pei cent of 
some oil — often pine oil — has been added 
A lioth IS pioduced by vigorously churning 
air into the mixture oi by blowing air into it 
A small quantity of an oigamc compound 
(several diffeient ones aie used) is also added 
This substance must be one that is adsorbed 
on the surface of the mineral particles that 
are to be lecoveied The adsorbed sub- 
stance also prevents these particles from 
being wetted by water They aie, theicfoie, 
moie likely to become attached to bubbles 
of air in the froth, with which they rise to 
the top of the flotation cell Other particles 
of the ore that do not adsorb the compound 
that is added aie wetted easily by water and 
sink to the bottom of the cell This mate- 
iial contains most of the valueless portion 
of the oie Sometimes, however, the proc- 
ess IS level sod The fioth flows over the 
lim of the vat (Tigiue 25b), and from it 
there is recovered a highly concentrated form 
of the valuable portion of the ore The flo- 
tation process is applicable, most generally, 
to ores containing free metals oi sulfides of 
the metals, and finds its greatest use m the 
concentiation of ores of lead, zinc, and cop- 
pei The process makes possible the use of 
low-grade ores that otheiwise could not be 
worked except at prohibitive cost. 


DISPERSIONS 

Review Exercises 

1 Explain the meaning of the following teims 
and give an example of each lyophobic col- 
loid, lyophihc colloid, emulhion, hydrosol, 
protective colloid, dialysis 

2 Describe the Tyndall effect and tell how it 
may be used to detect colloidal dispersions 
Which class of suspensions would you expect 
to show the moie pionounced Tyndall effect 

3 Describe and explain the phenomenon known 
as the Biowman movement 

4 Define adsoiption What pait does it play 
m the foi matron of colloidal suspensions'^ 

5 Why is a colloidal suspension moi e stable af tei 
it has been dialyzed than before'^ 

6 Define peptization What are .some of the 
methods by which colloids are peptized? 

7 How aio colloidal dispersions different from 
solutions? 

8 Explain the action of soap as a cleansing 
agent in lemovmg oil and diit 

9 Wliat IS the nature of the dispensing medium 
and the dispersed substance m cheese, cake, 
whipped Cl earn, and imlk-glass? 

10 How does dialysis differ from osmosis? 

11 What pioceduie can you suggest as a method 
of pioducmg a colloiclal dispeision of (1) clay, 
(2) silver, (3) aluminum hych oxide, or hy- 
diated aluminum oxide, and (4) the sulfide 
of antimony? 

12 Why does aisenic tiisulfide piecipitate in- 
stead of foiming a colloidal dispeision in the 
presence of hydiochloric acid? 

13 How are soluble salts that aie useful as fci- 
tilizeis held m tlie soil instead of being earned 
away immediately by watei ? 
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ORGANIC CHEMISTRY: 
THE HYDROCARBONS 


Organic cheimsirij appears to me like a primcml 
foiest of the tropics, fall of the most remarkable 
things 

WOHLER to BERi'EI.IUb 


1 Introduction 

During the eighteenth ccutuiy, chemists 
were veiy much intcicstcd iii substances as- 
sociated with plants and animals These 
substances were classified as onjanic, while 
substances of a mincial chaiactei wcie clas- 
sified as mot game All oiganic compounds 
weie recognized as coiitaiiiiiig caibon, con- 
sequently, 01 game chemistiy came to be 
identified, also, as the bianch of the science 
which deals ivith the compounds of that 
element Until 1828, it was thought that or- 
ganic compounds could be piodiiced only 
in natuic by organisms, and that it was im- 
possible to pioduce them fioin inoiganic 
substances But in that ycai, Wohlei con- 
verted ammonium cyanate (NHjCNO) — 
a compound not related m any waj^ to plants 
01 animals and usually legaided as inoiganic 
— into the compound iiiea, CO(NH 2)2 
Most of the mtiogcn which is eliminated 
fiom the bodies of animals, as a lesult of the 
oxidation of nitiogenoiis nasle mateiials, 
IS found m the iiiiiiG as uiea AVohlei’s syn- 
thesis, theieloie, pioduced an oigamc com- 
pound fioni an inoiganic compound, nhich is 
not associated in any ivay with Inung objects 
Uiea and ammonium cyanate contain the 
same numbcis of caibon, mtiogen, and oxy- 
gon atoms pel molecule, but the atoms aie 
differently ai ranged 

NHiCNO — COfNHs)^ 


Wohlei ’s discovoiy maiked Ihc beginning of 
modem oigamc chemistiy Since 1828, 
many thousands of organic compounds have 
heen synthesized Some of them aie sub- 
stances that can be derived fiom plants oi 
animals, but many more aie not associated 
111 any way with oigunisms Not all organic 
compounds can be pioduced by synthesis, 
and we still depend upon plants and animals 
for some of the most important — starch, 
sugar, fats, casein, gelatin, albumen, cellu- 
lose, and many others The total number of 
compounds of caibon pioduced in the labo- 
latoiy 01 from natural sources probably 
exceeds 400,000 

The existence of this vast numbei of com- 
pounds oi carbon is explained by the capacity 
of its atoms to share electrons wuth many 
other kinds of atoms and, especially, by the 
capacity of two caibon atoms to toim a 
stable bond by shaiing elections with each 
othei Since caibon has lour valence elec- 
trons pel atom, the maximum valenee num- 
bei of the element is 4 The carbon atom 
may share all toui elections and thus may 
be linked to tour univalent atoms, such as 
hydrogen oi chloiine Tw'o caibon atoms 
may shaie one, two, or thiee pans of clecti ons 
with each other, thus producing single, 
double, 01 triple bonds between them When 
the other elections of the caibon atoms aie 
shaied with hydrogen, we have compounds 
known as hydiocaibons 
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The Hydrocarbons 
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Methane Series 
CnH2m2 

Methane CH^ 

Ethane C 2 H 0 

Ethylene Series 

CnH^n - 
Ethylene (Ethene) 

CiH, 

Propylene CiHi, 

Acetylene Senes 

CnHin-2 

Acetylene (Ethine) C)Hi 

Propine C^Hi 

Benzene Series 
CiiH2n-ri 

Benzene Cr,Hc 

Toluene CrHg 

Propane C-iHa 

Butylene C|Ha 

Butine C|H|, 

Xylene CsHio 

Butane CiHio 

Pentylene CsHio 

Pentine CgHg 


Pentane CsHia 

Hexylene Ci,Hi2 



Hexane Cr.Hn 

Heptalene C7Hi4 



Heptane C7H10 

Octalene CaHn, 



Octane CjHia 




Nonane CgHjo 




Decane C10H22 





2 The Hydrocarbons 

A hydiocaibon, as indicated in the pie- 
cedmg paiagraph, i« a compound of caibon 
and hydiogen Theie i'5 a laige numbci of 
these compoundh, Init, foitunately, most of 
them can be classified as membcis of one of 
foul' senes 1die fust nieiiibcis of these 
senes aie shown in Tabic 32 Each gioup 
is called a homoloqous senes Each hydio- 
carbon in a senes diffeis fiom the pieceding 
member ol its series by containing one moie 
carbon atom and two moic hvdiogcn atoms 
(CPf2) pel molecule The membcis ol each 
seiies have tiic same geneial lormula and 
display tlie same geneial chemical behavioi, 
although eeitaui dideu'im's in propeitics 
accompany incicasing size of the molecules, 
as might be expected 

3. The Methane Series 

These hydiocaibons are found in petro- 
leum and its pioducts — gasoline, keiosene, 
lubneating oils, and paiafTln Methane is 
the pnncipal component of natural gas 
Because solid members of the senes are 


found in paiaffin, these substances aie some- 
times called the pai affin hydi ocaibons Thei' 
aie also called satuiatcd hydiocarbons, be- 
cause each ot the valence bonds of carbon 
consists of a single pan ot elections, which 
unites a carbon atom with hydiogen or with 
anothci atom of caibon The hist foui hy- 
diocaibons of the methane senes aie gases 
at oidinaiy temperatuie Methane boils at 
about — 161 °, and butane at about —0 6° 
The members fiom CeHia to C16H32 aie liq- 
uids, and those above CisHsz are solids 

4. Structural Formulas 

The stmeture ot a molecule of methane 
can be lepiesented, in two dimensions, as 

li or, to use lines II 

instead of to | 

H C H indicate bonds H — C — IT 
between atoms, | 

H as II 

If we attempted to lepiesent the molecule 
in thiee-dimensional space, we should place 
the carbon atom in the center ot a tetia- 
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hodron wnth the foui iiloms of hydioffen at 
the eoinei.s 

III ethane, two carbon atoms aie lomed to 
each other; this link replaces one bond of 
each caibon atom with hydiogen 

H H II H 

1 I 

HOC H 01 II — C G — II 

H 11 H H 

Methane may be conveited into ethane m 
the following mannei 

( 1 ) Methane leacts with chloiinc to foim 
methyl chloiide 

CH 4 + CI 2 — CllaCl + HCl 

(2) Metallic sodium then leacts with two 
molecules ol methyl chloiide, leraovmg the 
chlorine atoms to loim sodium chloiide and 
alloimg two methyl gioups (CH 3 ) to com- 
bine 


H 



H 


-G — 

1 

1 

0 , 

« 

1 

1 

0 . 

1 

- 

-G — 

1 

H— ^ 

1 

H 

1 2Na 

1 


1 

li 





H 

1 

H 

1 


2 NaGl + 

H- 

1 

-G- 

1 

-C — H 

1 




H 

1 

H 

The othei 

membeis of 

the 

senes 

aie simi- 


lar to methane and ethane, but diftci in 
having longei, and sometimes blanched, 
chains of caibon atoms In propane tinec 
caibon atoms are joined togethei in the foim 
of a chain 

H H H 

H — G — C — C — H 
II H H 


THE HYDROCARBONS 

The formulas of these compounds arc 
usually wiitteii as CIIi, CIli — Cllj, and 
GIL - GH 2 - GHs 

5 Isomers Having Different Structures 

Foi none of the hist thice hydiocaibons 
of the methane senes is it possible to con- 
stiuct foimulas showing linkages between the 
atoms that aie diherent from those given 
But for butane, it is possible to write foi- 
mulas foi two ariangemcnts 

II li H II 

II — C — G — G — C — H 

H H H li 

(Noiirml Butpiie) 


H H li 



II C H 


II— G — C — C — H 

I 1 I 

II H H 

(Isobutane) 

These two formulas represent two dilfcient 
substances which have the same empirical 
foimula, CJiio Isubutanc is called an iboino 
of normal butane It is apparent that the 
diffeience in stmctuie lies in the linkage ol 
one carbon atom with three otheis in isobu- 
tanc and with two in noimal butane Wc 
say that the caibon chain is bianchcd in iso- 
butane Them are thiec isomeis of pcnlane, 
and ivith an increasing iiumbci of cailion 
atoms in the molecule, the iiumbei ol possi- 
ble isomeis soon leaches an enoimous value 
The foi matron of a substance with diffeient 
piopeities with each change in stiiictuial 
airangement, togethei with the ability of 
caibon atoms to join togethei to make 
chains and even iings, accounts foi the vast 
numbei of caibon compounds which can be 
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prepared or are knoTVii to exist The possi- 
bilities aie almost unlimited 

6 Properties of the Methane Hydrocarbons 

The membc'is of the mot.luine soiics aie 
coloilcsh past's, iKpiids, oi solids They aie 
msolulilc in 'vvaiei They liurn iii tlie pres- 
onco of oxygon lo loim watei and caibon 
dioxide d’hoy aie iclalivoly iiiaetive sub- 
stances, the name paialhu, par (uni) affin- 
(itas), moans “little affinity” They aie 
not aflected, oi only slightly alTeetcd, by 
strong acids, liases, and most oxidizing 
agenls Thou activity deci oases with m- 
01 easing moleciilai weight, so that the heav- 
ier inembeis aie to be elassihed as veiy 
nearly meit substances The hghlei mimi- 
beis will icact with chloiiiie, in bright sun- 
light, to iorm eoinpouiids lu winch chlorine 
liotli leplaces hydrogen in the linkage with 
caiboii and coiiibiiies with it to foim hydio- 
gi'ii cliloiide 

CHi+Cb— 

TTCl + CIIjCl (Methyl chloiide) 
CHiCl + Cb — 

liCl -b ClHoCb (Methylene chloiide) 
CH,Cb -b Ob — 1- 

lICl + CHCb (Chloioiouii) 
CHCb + Cb — >- 

HCl -b CCb (Caibon tctiachloiide). 

Since the methane hydiocaibons are satu- 
rated, they can icact with chloiinc, oi other 
elements, only in reactions ol this kind 
These aic called subUiLuLion icactions 

7 Methane 

Methane is sometimes called maish gas 
This name iclers to its pioduetion dining 
the decay of vcgetnble mattci in swamps, 
maishes, and ponds, it is pioduced whenevei 
the decomposition of oigamc matter oecuis 
in the absence of air It, is present in the 
gases that escape dining the distillation of 
coal and wood In the laboratory it is pro- 
duced by heating, out of contact with air, 
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a mixtuie of sodium acetate and sodium 
hych oxide 

NaOH + NaCJIjOj — 5- CH 4 -b NaaCOg. 

Theio IS usually a small amount of methane 
in solution in poti oleum, and iiatuial gas 
from some wells contains fiom SO to 95 per 
cent of methane A mixture of metliane and 
air, called fire dairip, is a soiiico ot considei- 
ahlo danger 111 coal mines, because of its 
inflammability 

8 Natural Gas 

Natural gas is often encountered in dulling 
wells tor peti oleum and sometimes is lound 
where peti oleum is not piesent It is lound 
111 folds of lock-stiata, whcie it has been 
tiuppcd in the top of the told by collections 
ol watci and oil below The folds are called 
anticlines The gas is usually undei gieat 
pressure The purieipal piodiieing localities 
ot the United States aie in Pennsylvania, 
\Ycst Vngmia, Oklahoma, Louisiana, Kan- 
sas, Texas, Ohio, Indiana, Kentucky, and 
Cahloinia The percentage of methane 
vanes consideiably in the natural ga,s fiom 
these legions Rome ot the gas produced in 
Texas contains about 50 pei cent of methane 
and 38 pei cent ol nitiogen That fiom 
Pennsylvania and West Vngmia avciages 
about 80 pel cent of methane, and the 
natural gas of Ohio and Indiana contains 
about 94 per cent ot this hydrocarbon 
Natuial gas is a valuable fuel, since it 
usually contains a vciy high percentage of 
methane, which has a high heat of com- 
bustion 

CI-L + 2 O 2 — y CO 2 + 2 1-bO + 211,000 cal 

It IS forced through pipe lines to cities which 
aic seveial hundred miles fiom the source 
A considerable quantity is also used in the 
production of “caibon black” (page 293) 
Since it often escapes with the petroleum 
fiom oil wells, an enormous portion of our 
natural gas resources has been wasted The 
annual production m the United States i,s in 
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excess of two and one-half tnllion cubic feet 
Most natuial gas contains some carbon 
dioxide and nitiogen, “wind gas” contains 
enough of these two substances to prevent 
combustion 

PETROLEUM AND ITS PRODUCTS 
9. Petroleum 

Peti oleum is a solution of gaseous and 
solid hydiocaibons in a mixture of hqmd 
hydiocarbons Most, but not all, of these 
hydiocaibons belong to the methane senes 
Petroleum is found in ceitain geological 
foiniations, such as anticlines or folds, at 
depths that vaiy from a few feet to two 
miles The oil-beaimg strata of rock or sand 
is reached by wells, fiom winch the oil is 
pumped The name pcti oleum is derived 
hom two woids, pet) a oleum, meaning rock 
01 mineial oil The ciude oil and the prod- 
ucts obtained fiom it aie sometimes called 
mineial oils to distinguish them fiom vege- 
table and animal oils, which have an entirely 
diffeient composition and possess diffeient 
chemical piopeities (page 588) 

dho United States pioduces normally 
about 65-/0 pei cent of the peti oleum supply 
of the woild The remammg 30-35 pei cent 
IS distiibuted among seveiaL countiies, of 
nhich Venezuela, Eussia, Persia, Rumania, 
JOutcli East Indies, and Mexico aie the most 
nnpoitant piodiiceis The fiist oil well in 
Amciica was drilled at Titusville, Penasyl- 
vania, iii 1859 Pievious to that time oil 
had been obsei ved on the sui face ot the watci 
of some of the stieams of this legion, and 
some of it had been collected and sold as a 
medicine, Naiwc\ Bemedy It was also 
knoirn to the Indians, who piobahly used it 
to some extent as a medicinal agent The 
principal oil-pioducing states of this countiy, 
at thepiesenl time, aie Caliloima, Oklahoma’ 
and Texas, with smallei fields m Kansas’ 
Louisiana, Arkansas, New Mexico, Pennsyl- 
vania, and several othei states The world’s 
production of petroleum is noimally around 
2 000,000,000 baiiels of 42 gallons each 
I he United States pi oduces about 1 500 - 


000,000 barrels, and of this quantity the 
production of Texas, California, and Okla- 
homa comprises about thiee fourths 

The peti oleum fiom diffeient paits of the 
world vanes widely as to the natuie of the 
hydrocarbons that it contains The petio- 
leum of Pennsylvania consists almost en- 
tiiely of hydrocarbons of the methane senes, 
and the lesidue left aftei distillation is laigely 
solid paiafRn Petroleum from California 
gives a residue of asphalt and is called an 
“asphalt base oil” to distinguish it fiom the 
“paiaffin base oils” of the eastern United 
States Peti oleum from California, Russia, 
Borneo, and Java also contains vanablo 
amounts of the benzene hydiocaibons 
Peti oleum usually contains small amounts 
of sulfur compounds, which aie objectionable 
when they appeal in the products obtained 
fiom the ciude oil icfineiy The removal of 
these compounds increases considerably the 
cost of peti oleum refining 

10 The Refining of Petroleum 
To obtain the pioducts listed on page 564, 
petroleum is fiactionally distilled A dia- 
giam of the old-fashioned lefinciy, whicli 
shows the principles involved, is shown m 
Figure 257 Modem piacticc uses the 
“bubble tower” to sepaiate the oil into its 
different fractions (Figuie 258) Petioleura 
under pressure is first heated by being passed 
thiough pipes in a furnace The hot liquid 
IS then passed into a “flash chamber” where, 
by a reduction of the piessure, it is conveited 
into vapois Some of the heavioi poitions 
of the oil do not vaporize and these are 
separated iiom othei fractions at this point 
The vapois then pass into the “bubble 
tower, ivliich consists ol a gieat many sec- 
tions, 01 pans, placed one above the othei 
As the vapois pass upwaid, the highei boiling 
oils condense and the gases aie then made to 
bubble up thiough these liquids as they pass 
fiom one section to the next The gasoline 
vapois pass thiough the tower and aie then 
condensed by cooling Keiosene is con- 
densed in the uppei poition of the towei, 
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Storage tanks 
^ 


Crude oil 


Continuous 
type still 




Fuel oil 

Furnace 

Gas oil 

Raw 

Engine 

Gasoline 

distillate 


kerosene 

distillate 


18"Be 

27®Be 

34° Be 

38°Be 

47“Be 

34‘‘Be 

60% 

5 % 

10% 

5% 

5 % 

15% 

Figure 257. 

Diagram 

Showing the Fraction 

al Distillation 

of Petroleu 


The fuel oil can be further distilled with steam to give lubricating oils 

different products 


Degrees Be refer to the densities of the 


gas oil m tho niidcllc', and i-hc' heavier oils at 
the bottom The hoiivun hydiocaibon liac- 
tions may bo distTllod by use of siipcvheatcd 
steam Thu 1 1 tmtioii eon taimrig the lubi mat- 
ing oils IS again distilk'd witfi steam and is 


Gasoline 



divided m(o seveial poitions — light, med- 
ium, and heavy motoi oils The paiaffin is 
icmoved fioni these oils by chilling them 
The oils aie usually filteied thiough hullei’s 
eaith to remove some of the colored com- 
pounds that they contain The pioducts of 
the pcti oleum lefineiy aie usually tieated 
with sulfuric acid to lemove objectionable 
impuutics, especially compounds of sulfur 
The acid is heaviei than the oils and settles 
to the bottom of the treating tanks, where 
it IS drarvn off The oils aie then washed 
with a solution of sodium hydroxide oi 
sodium caibonate in order to neutralize the 
acid Eecently, waxes, gums, asphalt, and 
other substances found especially in motor 
oils have been icmoved by the use of solvents 
such as liQuid sulfui dioxide This procedure 
is said to give lubiicating oils that have con- 
stant viscosity and do not foim deposits 
ol wax, gum, oi caibon. Sulfur compounds 
are now removed by using a solution of 
litharge, PbO, in sodium hydioxide How- 
evei, the lefineiies still use sulfuiic acid in 
enoimous quantities 

A 1 esidue of tai , oi of coke if caibomzation 
IS complete, is left after the complete dis- 
tillation and leraoval of all the oil tiactions 
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TABLE 33 
Petroleum Pro(ducts 


Product 

Composition 

Boiling Point 

Uses 

Gases 

Methane-butane 



Fuel, manufacture of carbon 

Petroleum ether 
Gasoline 

Kerosene 

Gas oil 

Pentane-heptane 

Hexane-nonane 

Decane-hexadecane 

35°-90° 
up to 200° 
200°-300° 
up to 375° 


Solvent, dry-cleaning 

Fuel, solvent 

Illumination, fuel oil 

Cracked to give gasoline, fuel 
for oil-burning furnaces, en- 





richment of water gas 

Lubricating oil 
Vaseline 

ParafFm 

Tar 

Petroleum coke 

C 20 H 42 up 

300° up 
semi-solid 

melting point about 55° 

Lubrication 

Lubrication 

Candles, water-proofing 

Artificial asphalt 

Fuel, electrodes 


The tai is used in malang loofing, sidewalks, 
and roads Coke is used as a fuel, in metal- 
luigy, and in the inanufactiiie of electrodes 

1 1 Gasoline 

Gasoline is a mixtuie of low-boilmg petro- 
leum hydrocarbons, such as hexane, heptane, 
octane, and nonane With more than 
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Figure 259 Fluid CalalyMe Cracker 


30.000. 000 automobiles to provide with fuel, 
as well as airplanes and other internal com- 
bustion engines, the production of gasoline 
has become one of the laigest mdustiies m 
the country; in 1940, this production was 

206.000. 000.000 gallons Ordinarily, the 
gasoline fraction of petroleum amounts to 
about 20 per cent of the crude oil, but this 
has been increased to almost 44 per cent by 
modifications of refinery practice In the 
past quarter of a ccntiuy, the pioduction of 
gasoline has kept pace with the mcieasc in 
the number ol automobiles, both have in- 
ci eased almost 600 per cent, but the produc- 
tion of petroleum has increased only 200 pei 
cent duiing the same period 

Much of the increase m the production of 
gasoline has been accomplished thiough the 
use of a process called cradanr/, by which 
some of the heavier and less volatile hydro- 
caibons are broken up into lighter com- 
pounds that boil at lower temper atm es 
The original ciacking process was developed 
by Burton in 1913 There are many proc- 
esses now in use The decomposition of the 
heavici hydrocarbons is brought about by 
heating oil under piessuie oi by passing the 
hot oil-vapois over catalysts, such as anhy- 
dious aluminum chloride Many different 
catalysts and different methods of bringing 
them into contact with the hydiocarbons arc 
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Courtesy of Oil Company 

Figure 260 A Large Houdry Catalytic Cracking Unit 


in use Knu'ly divided ciitalyslb aie now 
utilized lailiei' cxi.cnfeiv(’ly These arc mixed 
as a powder with the vapois of hydiocaibons 
A typical ciacdcmg loaetion is shown by the 
following ciiuation 

CisHm — C'oTIu + + C 


Aftei the ciacking tiealiuent the oil is 
passed into a flash chambci fiom which the 
vapois entei the “biilible towci ” Cracking 
also pioduccs lighler, lower boiling hydio- 
caiboiis that aie valuable as liiel loi airplane 
engines 

The demand I’oi gasoline has also been 
supplied by the, leeovi'iy of the vapois ot 
low-boiling hvdi’ocaibons lioni natural gas, 
which IS often satin af,ed with the vapors ol 
such substances, chiefly Cr,Hi2, CoHn, and 
CtHii, They aie separated from methane, 
the pimcipal constituent of natuial gas, by 
the use of activated charcoal, which adsoibs 
the less volatile portions of the gas more 
leadily than it adsoibs methane, by washing 


the gas with oil m which the gasolme-hydio- 
caiboiis aio soluble, oi by subjecting the 
gas to pressure and a low temperature, which 
liquefies those hydiocaibons that can be used 
as gasoline About one tenth of the gasoline 
produced in the United States is obtained 
from this souice It is called casing head 
gasoline 

The gasoline produced by cracking proc- 
esses IS often blended with casing head 
gasoline The foimei usually contains less 
volatile and the latter moie volatile hydio- 
caibons than the “stiaight-iun” gasoline 
pioduced by the stiaight distillation of 
pcti oleAim 

The present tendency in the industry is 
in the direction of gasoline containing a 
single, 01 at most thieo or four, hydrocaibons 
Such gasolines allow the combustion in auto- 
motive engines to bo controlled more ac- 
cuiately than is possible with more complex 
mixtuies 

12 Anti-Knock Gasolines 

The power obtainable by exploding a imx- 
tuie ot an and gasoline vapor in the cylinders 
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of an automobile engine depends upon the 
expansion that ocouis at the tune of the ex- 
plosion If the inixtnie of gases is com- 
piesscd befoie the explosion, more power 
should theiefore be produced Automobile 
engineers have made use of this piinciple in 
developing the high compiession motors that 
are now widely used The immediate and 
practical lesiilt is an increase in the mileage 
pei gallon of fuel, but with oidinaiy gasoline, 
these high compiession motors cannot oper- 
ate ivithout a rathei senous “fuel knock ” 
This knock is pioduced by a very sudden 
and complete explosion, which pi educes a 
sudden shove against the piston head of the 
rylindei To prevent knocking, the explo- 
sion must occur more oi less as a wave and 
must develop a sloivei “push” against the 
head of the piston Straight-run gasoline 
causes the engine to “knock” badly Gaso- 
lines pioduced by ciacking aie said to be less 
obiectionable, but most of the gasoline used 
today IS a mixtuie oi blend of hydiocarbons 
obtained fiom diffeient sources oi in dilfei- 
ent ways — straight distillation, cracking, 
natural gas, and so on These blends are 
compounded in proportions designed to 
SQcure the most satisfactory anti-lmock prop- 
erties Ordinary distilled gasoline, which 
pioduccs pronounced knock, contains hydio- 
caibons consisting of straight cliains of car- 
bon atoms, that is, normal hydrocaibons 
such as noimal heptane The ciacked gaso- 
line contains hydrocaibons consisting of 
blanched chains of carbon atoms — foi ex- 
ample, iso-heptane and iso-octane (page 
560) — which do not cause much if any 
knock Benzene is also added to some of the 
blends to deciease the knock pioduced by 
the fuel The most familiai anti-knock gaso- 
line, however, is that which contains small 
(luaiitities of lead tetiaethyl, ethylene di- 
chloiidc, and ethylene dibiomide, Pb(C 2 H 6 ) 4 , 
C 2 II 1 CI 2 , and CjHiBi 2 The halogen com- 
pounds arc added to foim volatile com- 
pounds of lead so that this element is le- 
moved flora the cylmdcis along with other 
pioducts of combustion 


13. Anti-Knock Rating of Gasoline 

The rating of a gasoline with regaid to 
its tendency to produce knocking is called 
the octane number. Puio iso-octane, 

I-I H CI-I3 
HaC — C — C — C — CI-I3, 

I I I 

CHs I-I CPI3 

1 ? given an octane numbei of 1 00, because it 
produces little or no knocking as compaied 
with 01 dinai y , sti aight-run gasoline N ormal 
heptane, 

H PI PI PI PI 

1 1 I I I 

PI3C — C-C-C — C — C — CPh, 

I I 1 1 I 

II PI PI PI H 

produces a veiy pionounccd knock and is 
given the octane numbci of 0 To determine 
the rating of a certain fuel, the gasoline is 
used in a standard engine and its tendency 
to pioduce knocking is compaied with dif- 
ferent mixtures of the two hydiocaibons 
named above If the gasoline produces the 
same intensity of knocking as a mixture 
containing 80 per cent of iso-octane, its 
octane numbei is 80 

14 Polymerization 

During recent years polymerized gasoline 
has also entered the held As the name indi- 
cates, this piocess involves the building up of 
heavier molecules from lighter ones by poly- 
merization Hydiocaibons, both satuiated 
and unsaturated, oi low molecular ivoight 
and produced by cracking 01 by ihe distilla- 
tion of petroleum, aie heated to 500°-600° 
iiiidei high piessuie and in the piescncc of 
suitable catalysts As a result of this treat- 
ment the saturated hydiocaibons lose hydro- 
gen and aie conveitcd into unsatuiated 
compounds The unsaturated hydiocarbons 
polymeiize to loim other hydiocaibons, 
many of which arc suitable lor use as gaso- 
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Courtesv qf Gulf Oil Corporation 


Figure 261 An Alkylation Plant 

Alkylates are petroleum chemicals used to stop up tho anti-knock rating of aviation gasoline This plant has contributed 
greatly to the production of 100 octane gasoline for military purposes 


line For example, butylene may polymeiize 
to foim a dibutylene 

2 C Jia — CsHie 

1 5 Re-forming 

In this pioccss hycliocaibons composed, 
foi the most pait, of molecules in which the 
cai bon atoms ai c an anged in straight chains, 
aie Clacked The pioducts vary greatly 
Among them aie found unsaturated hydio- 
caibons which lesult from the hbeiation ol 
hydrogen from some of the molecules; 
bianched-cham hydrocarbons such as iso- 
butane and isopentane, and aromatic hy- 
drocarbons such as toluene, CaHsCHs This 
■was an important source of the toluene used 
to produce the trinitrotoluene (TNT) used 


in the recent wai The unsatuiatcd and 
bianched-chain hydrocarbons produced in 
this process are geneially more dcsiiable 
components of gasoline than the oiigmal 
saturated straight chain compounds 

1 6 Hydrogenation of Petroleum 

By a piocess developed hist in Germany 
and later employed in this country and else- 
where, crude petioleum is hydiogoniited liy 
tieatment with hydrogen (m the piesence of 
catalysts) under about 200 atmospheres of 
piessuie The distillation of the hydio- 
genated oil yields much laigei quantities of 
the gasoline-hydrocarbons than can be ob- 
tained from untreated, crude petioleum 
The heavy lesidues lemaming alter the more 
volatile compounds of petroleum have been 
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removed by fractional distillation can also 
be liydioi 2 ,enatf'd in a similai mannci to 
pioduce gasoline 

17 Alkylation 

Anothei process used in the gasoline in- 
dustry IS called alhylation. In this pioccss 
satin ated hydiocaibons, such as isobutane, 
react with unsatuiated hvdiocaibons, Mich 
as isobiitvlene, to form hydiocaibons that 
are composed of branched chain molecules 

CHa 

HaC - C - H 
CHa 

(laobutftue fioiu 
natural gas) 


H 

1 

-t- C = C-CH3- 

H CHj 

(Istjbufcjlene from 
Clacking) 


CHs H H 

HaC - C - C - C - Cl-k 
CHs li CHa 

(ran-octane) 


Iso-octane is a liquid hydiocaibon that was 
widely used during World Wai II as a high- 
giade aviation gasoline The leaction by 
which it is made is catalyzed by hydiogcn 
fluoride. 


1 8. Butadiene 

Dunng Clacking opeiations, many differ- 
ent unsatuiated hydiocaibons, such as ethy- 
lene and piopylene, aie produced These 
substances aie of value as starting materials 
foi use in the synthesis of many organic com- 
pounds. One of the gaseou.s pioducts ot 
Clacking is an unsaturated hydiocaibon ul 
the ethylene senes called iioimal hulyleiLe 
This conipound can be conveited, by a cata- 
lyzed 1 paction m vhieh hydiogcn is removed 
fiom the molecule, into the still fuithci nn- 
satuiated hydiocaibon, butadiene This 
compound is extensively used m the manu- 
factuie of Buna S, the synthetic lubbei 


the hydrocarbons 

(page 610) most extensively produced and 
used dunng and since Woild Wai II 

II H H H H H H II 

I I I I I I I I 

C=C-C-0-H— >C-C-C=C 

I I 

H H 

(butadiono) 

19 Motor Problems of the Future 
The trcmeiidoun late at ivliich we aie iioiv coii- 
.suming oui petmleum lesoiirces cause.'! one to 
look ahead to the time when these supplies of 
gamhue and kerosene will ha\e been exhausted 
This time will not come soon, but since the supply 
IS a natuial lesouicc that is not being i eiileiushed, 
it cannot last loievoi Sooner oi latei oui civiliza- 
tion must find new souice-' of these hiels oi cn- 
tiiely diffeipiit kinds of fuels that can be used foi 
the same pin poses 

The Beigius piocess foi the hydiogcnation ol 
coal has made available one moie soince ol gaso- 
line and lubiicating oils (page 117) This piocess 
depends upon the reaction ol fiiielj pcnvdeied 
coal, mixed with oil, and hycliogeii The leactioii 
IS made to ocoiii at about 500°, uiidei high pres- 
suies, and in the piesence of a catalyst The oil 
thus produced is fiactionally distilled to gi\e 
many ol the pioducts now obtained fiom petio- 
leum These include gasoline, keiosene, and 
vaiious glades of lubiicating oils But like 
peti oleum itself, the coal used in the Heigius 
]nocess is also a natuial lesouice and cannot 
scive as an evei lasting soutce of liquid fuels 
The oils obtainable fioin this souice, however, 
may augment considerably the supplies produced 
fiom peti oleum, as the latter begin to dwindle 
A iiioic pioinising souice ol inotni luel is the 
eonvcisioii of cailioii monoxide into hydiocaibons 
by the Fiuher-Tioptidi Idoa-sa In this jnoccss, 
watci gas, which contains lioLli caibon iiioiioxulo 
and livdiogeii fjiage 111), i-.passc'il o\'ei a catalyst 
(iron and nickel) at about 200° Satin ated 
stiaight-cliaiii hydiocaibuiis aie inoduoed I’liese 
compomids can be conveited by lefoiming 
(page 567) into unsatuiated and biancliod-cliain 
hydiocaibons winch give gasoline of excellent 
aiiti-kiiock quality The caiboii monoxide and 
hydrogen used in this process can also be pioiluced 
by a leaction of methane with steam 
The most likely souice of peti oleum pioducts 


H | H H| 

(ii-butyleiie) 
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nt the distant future is oil shale Get tarn shales 
of many of the western and some of the central 
states of the United States, as well as shales in 
otliei parts ot the woild, contain oigamc com- 
pounds The shales do not contain peti oleum, 
but when they are distilled in the absence ol an, 
an oil rcscmliling peti oleum is obtained One 
ton of shale yields about one baud of this oil 
When the oil is haetumally distilled, the pioducts 
obtained include gasoline, keiosene, lubiicating 
oils, and similai substances The distillation ot 
the shale also yields ammonia, which can be 
conveited into ammnniani sulfate foi use as a 
fcrtilizei At the present time the distillation ol 
shale IS not a practical method ol obtaining petio- 
leum pioducts, because the expense involved 
pievents the process fiom competing successfully 
with the petroleum lefineiy 

UNSATURATED HYDROCARBONS 
20. The Ethylene Series 

Ethylene is the most important member of 
this senes of hydrocarbons The structure of 
its molecule can be explained most icadily 
thiough a description ol a method by which 
the substance can be pioducod Ethyl al- 
cohol (CiHsOH) is treated with concentrated 
sulluiic acid, 01 alcohol vapor is passed over 
anhydious aluminum silicate A molecule 
ot watci is removed fiom the alcohol, and 
the gas — ethylene — is pioducod 


H 

PI 

1 

I-t li 

1 1 

H — C — 

1 

C — H 

1 1 

li — c = c - 

1 

1 

(ethylene) 

li 

OH 



(etliyl alcohol) 


The lemoval ot a hydrogen atom fiom one 
caibon atom and the lomoval of the hy- 
dioxyl ladical from the othoi leaves each 
carbon atom with one unused valence To 
show that caibon has a valence of foui, tlie 
oigamc chemist places this unused bond be- 
tween the two caibon atoms, which aie then 
said to be united by a double bond Com- 
pounds containing double bonds are unsatu- 
rated This means that the molecule will 
add on atoms of active elements, such as 
chlorine and bromine. Thus, two atoms of 


chlorine mil combine with a molecule of 
ethylene to foim 

li H 

1 I 

H — C — C — H 

Cl Cl 

dichloroethanc The unsatiirated hydiocai- 
bons also leact, as methane docs, with chlo- 
iine and other active elements to foim sub- 
stitution compounds, in which chloime re- 
places hydiogen 

The iinsatuiated hydrocaibons aie more readily 
decomposed by heat than the saturated hydio- 
carbons When a gaseous mixtme coiitammg the 
foimer is bmnod, the flame is made luminous by 
pat tides of caibon pioduced by the decomposi- 
tion The flame of a ga,seous mixture of the sat- 
uiated hydiocaibons is nearly ooloiless In tue 
latter, the hyrlrooarbons aie conveited directly 
in the flame into cai bnn cboxide and watei , while 
Iinsatuiated hydrocaibons decompose, at least 
partially, to foim some pai tides ol fiee caibon 
These pai tides soon completely bin n it an excess 
of oxygen is available If the sujiply of oxygen 
IS insufficient foi then combustion, the particles 
of carbon escape fi om the flame as black smoke 

21 The Uses of Ethylene 

Ethylene has many interesting uses Foi 
example, it leacts with sulfur monoehloiide 
to foim mustard gas (page 336) 

H H 

S 2 CI 2 + 2C=C-^S + 

1 I 

H H 

H H 

I 1 

H — C C — H 

1 

Cl 

s 

H 

H— C C— H 

Cl H 
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An ethylene-oxygen mixtiue is used as an 
anesthetic ui general surgical practice It is 
said to have decided advantages over ethci 
The patient recoveis consciousness much 
sooner; the anesthetic acts quickly, and there 
IS no nutation of the lungs, a condition 
which sometimes causes pneumonia after the 
inhalation of ether to produce anesthesia 
A few disasters, lesiiltiiig fiom the chance 
Ignition of the very explosive ethylene-oxygen 
mixture that must be used, have maned the 
record of this anesthetic 

Ethylene is also used to hasten the i ipeniiig of 
citrus and ceitain other fruits, oi at least to give 
them the coloi of ripened fiuit when they must 
be picked and shipped to markets while they are 
still m the uniipened, gteen-coloied state Either 
during transit to market oi upon aiiival, tiie fruit 
is exposed to an atmosphere containing a small 
amount of ethylene Its use is also said to incicase 
the sugai content, but not the vitamin content, 
of the uniipened fiuit It may also be used to 
shorten the dormant period through winch pota- 
toes and other tubers must pass befoie they are 
leady to stait giowing again 

If ethylene la treated with sulfuric acid, 
the two substances react to foim an addi- 
tion compound 


H — 0 C — II 

1 1 

H HSO 4 

This substance is then allowed to hydrolyze, 
and a sultuiic acid molecule is foimcd, leav- 
ing a molecule of ethyl alcohol, CzHsOH 

H H 

I I 

H — C C — H 

H HSO4I 

h|oh 

This reaction is used commercially to 
produce ethyl alcohol It is typical of a 
number of reactions, similai in nature, but 
involving othei unsatuiated hydrocarbons, 
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that can be used to produce some of the 
higher alcohols not leadily produced by 
other means 

22 The Acetylene Series 

The only impoitant member of this series 
IS acetylene, C 2 H 2 , which is produced by al- 
lowing water to react with calcium caibide 
(page 311) The reaction is as follows 

CaCs + 2 HOII — Ca(OH )2 + C 2 li 2 

This leaetion is typical of those used to 
produce the hydrogen compounds of the 
non-metals Compare, in this connection, 
the production of ammonia fiom Mg3N2 and 
of phosphine from Ca3P2 Structurally, the 
acetylene molecule differs from the mole- 
cules of ethane and ethylene in possesbing a 
triple bond, 01 two additional pans of elec- 
trons between its carbon atoms 

11 - Cm C- 11 

Pure acetylene is almost odorless, is 
poisonous, bums with a yellow smoky 
flame, and forms addition compounds with 
chloiine and other active elements The 
gas IS unstable, as might be expected fiom 
its heat of foimation 

C 2 H 2 — 2 C + H 2 -k 54,860 caloiies. 

It burns with an extiemcly hot flame, be- 
cause to the quantity of heat libei ated as in- 
dicated by this equation there is added the 
heat produced in the formation of carbon 
dioxide and water 

2 C2PI2 -b 5 O 2 — 

4 CO 2 + 2 H 2 O -k 624,000 caloiies 

When it IS compicssed it is likely to ex- 
plode violently For this icasoii liquefied 
01 compressed acetylene is not used lor light- 
mg purposes It is a good illiimmant, how- 
evei, because of its highly unsatuiated na- 
ture When used foi this purpose it is usu- 
ally dissolved under pressure in acetone, 
m which it is veiy soluble The solution is 
stored in cyhndeis and used, whore elcctii- 
cal lighting is not available, as a source of 
illuminating gas In the days before the 
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“self-staitcr” and the storage battery equip- 
ment of automobiles were widely adopted, 
lighting was piovided by cylindeis contain- 
ing an acetylene-acetone solution At the 
piesent time, acetylene is used for lighting 
on farms and in isolated communities, and 
foi producing flood lights where electiicity 
IS unavailable The oxyacctylene blowpipe 
is used to produce high temperatures in the 
weldmg and cutting of metals Acetylene 
has also been used as an anesthetic 

23 Organic Syntheses Based upon Acetylene 

The addition compounds foiined by acetylene 
are icpresented by the following pioducts with 
chloime 



Cl Cl 

H- C= C- H 

H - C - C - H 

1 1 

Cl Cl 

1 1 

Cl Cl 

(dioliloroothj lone) 

(totraolilnrnetlmne) 


The fiist of these two compounds is of some im- 
portance as a fumigant, in dry cleaning, and as 
a solvent in the extinction of vegetable oils 
It IS non-poisonous and non-explosive when 
mixed with an 

Because of its unsatuiated character, acetylene 
IS the staiting mateiial in the production of many 
synthetic oigamc compounds One of the most 
impoitaiit of these reactions involves the ulti- 
mate pioduction of acetic acid 

H H 

I 1 

H - c = c - li -h H2O — n - c - c = 0 

I 

H 

(acetylene) (acefaldelijdc) 

This leaotioii occuis in the piescnco of meicuiy 
salts, which act as catalysts The acetaldehyde 
IS then oxidized to acetic acid 

H H 
I I 

II - C - G = 0 + ( 0 ) — >- 

H on 

I I 

H — C - C = 0 (acetic acid). 
I 

H 


This reaction is also catalyzed, usually by 
vanadium 01 cerium oxide 
Acetylene is also converted catalytically into 
ethylene by causing hydiogen to add on to the 
two caibon atoms 

C2H2 -t- H2 — >- C2H, 

24 The Benzene Series and Related Hydro- 
carbons 

Among the many valuable substances re 
covered from coal gas and from coal tar — 
both of which aie pioducts of the destruc- 
tive distillation of coal — aie certain hydio- 
carbons which dilfei greatly from the hydro- 
carbons found in peti oleum and natural gas 
Among these aie the three most prominent 
and impoitant members of the benzene 
seucs benzene, toluene, and xylene The 
structural formulas ol these hydrocarbons 
aio shown below 



(benzene or benzol) (toluene or toluol) 


CH3 

/ 


c 



HC C - CHa 

HC CII 



CH 


(xylene oi xylol) 


H 
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The chemical propeities of these sub- 
stances show that they arc iinsatuiated It 
■will be noticed that three double bonds aie 
placed m each molecule This aiiangement 
permits each carbon atom to be displayed as 
having its normal valence (foui) We aie 
not to think, however , of the benzene hy- 
drocaiboiis as showing the same tendency as 
ethylene, for example, to form addition com- 
pounds Instead, they arc only slightly 
nctive in this respect They form substitu- 
tion compounds more readily The ring 
stiuctiiip, shown above, is based largely 
upon the chemical properties of these sub- 
stances This structure ivill be discussed 
fiuther in another chapter (page 593) 
These hydiocaibons are used as solvents, 
they aie used in the manufacture of dyes, 
duigs, and explosives, and benzene finds 
some use as a motor fuel Because of the 
odors ol some of them, oi the odors of ma- 
terials from which they aie produced, they 
aic sometimes called the aromatic hydro- 
carbons 


CH CH 



HC 

C 

CH 

HC 

C 

CH 

\ 

./\/ 



CH CH 



naphthalene 

(Ciolh) 


CH 

CH 

CH 



HC 

C 

C 

CH 

HC 

C 

C 

CH 



CH CH CH 


aiithiaccno 

(CuH„) 


the hydrocarbons 



Figure 262. The Burning of a Cos m Air and the 
Burning of Air In a Gas 

The lower flame is caused by the reaction between the 
gas which fills the large lube and the air which is drawn 
into the tube through the opening at the bottom The upper 
flame is caused by the cambustion of the gas in the air 

Coal tai IS also the souico of two other 
hydrocarbons of gieat impoitancc — naph- 
thalene and anthiacene These substances 
aie related to benzene, but they differ from 
it in the complexity of then img structuies 
These hydiocarbons aie also iinsatuiated 
Naphthalene is used as moth-balls, in the 
enriching of gas, and in the manufacture of 
dyes, such as indigo, and of many other val- 
uable organic compounds Anthiacene is 
used in making dyes, paiticularly some of the 
unpoitant red dyes 

ILLUMINATING AND FUEL GAS 
25. Gas Flames 

The heat libeiated dining combustion may 
heat the solid products ol combustion, or the 
burning substance itself, to incandescence 
When this happens the reaction is accom- 
panied by light When charcoal or coke 
bums, the solid becomes white-hot and 
emits light, but there is little or no flame 
The flames which accompany the binning of 
coal, oil, 01 a candle aie the icsnlt of the 
lombustion oi gases that aic vaporized from 
the combustible substance by the heat oi the 
reaction These flames aie luminous, if 
caibon compounds in the gases aie dccom- 
Ijosed to loim small particles of solid caibon 
(page 569) 

Oidmanly, we flunk of a stieam of gas as bum- 
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ing in air This is because we stme up the gas 
1111(1 ignite it at the uiitlct of a small tube oi 
buinei, wheio it oomo> into contact with the an 
We might sociiie the same lesiilt if we stoied up 
an and ignited a small stiearn of it as it escaped 
into an atmnsphcio of gas We might then think 
oi ail as buinmg ui gas t'omlnistioii m leally a 
chemical loactioii lietweeii two substances, and 
although we usually siieak of one .substance as 
siiiipoiting the eoiiibustioii oi the othei, this 
piactioe IS only a convention Figiiie 2C2 illiis- 
tiate.s a method by which the bunniig of an 
in an atmosphere of gis can he domonstiated 

26 The Structure of Flames 
Simple flames, eoiisist.ing of two cone.s, one 
within the othei, aie pioduced when one gas 
bums by combining with ariothci (Kiguie 
263) Such flames aie piodueed, with the 
oidmaiy Bunsen bumei, wdien liydiogcn oi 
caibon monoxide bin ns in the an, oi when 
hydiogen bums in chloiine Combustion 
occuis only in the outci cone The mnei 
cone consists of uncombined gases 
If the gas contains hycliocaibons, a more 
complex flame (Figuie 233) is produced If 
the openings at the bottom of the burnei aie 
closed, the gas must bum in an, chaivmg 



Figure 263 Simple and Complex Flames 
The flame on the left is produced when one gas burns 
by directly combining with another The flame on the right 
IS produced by burning hydrocarbons 


fiom the suiioundmgs the oxygen needed 
foi the leaction Under these conditions, the 
hydiocaibons in the mteiior of the flame are 
heated, liut thcie is no oxygen to cause then 
combustion The molecules aie consequently 
decomposed (cracked), and pai tides of car- 
bon that aie libeiated make the flame lumi- 
nous II the openings at the bottom ol the 
biunei are opened, an is mixed thoie with 
the gas, and a flame such as that shown in 
Figiiie 263 losults 

The (litferent cones of a flame aie caused by the 
duTcioiit leactions that occui in them In Figure 
263, cone (d) contains unchanged gases The 
tempoiatiire m this leginn is low, a match sus- 
lieiided in the mouth of the Runsen binnei , before 
the liuinci i^ liglited, is not ignited by the binn- 
ing gas The combustion begins m cone (B). 
The leaction m this cone lesults in the formation 
ol hydiogen and carl ion moiioxirle Cone (B) 
Is blnish-gieeii in coloi, if the an supply is prop- 
oily legulated If too much an is admitted, this 
cone “btiikes back” — that is, tiavels down the 
barrel of the buinei and causes the gas to ignite 
at the base In cone (C) hydiogen and caibon 
monoxide aie paitially conveited into watei aiul 
carbon dioxide Sufficient heat is hbeiated in 
tins region to oi ack some of the unchanged hycho- 
caibon molecules (especially acetylene and ethy- 
lene), thus pioducmg small pai tides of carbon, 
which make this cone luminous The hottest 
pai t of the flame is just below the tip ol tins cone 
The pai tides ol carbon aic completely burned, 
liowevei, in cone (F), hence cone (b) is not 
hiimiioiis In cone (b) the combustion ol hydro- 
gen and caibon monoxide is completed This 
cone is most appai eiit as a blue, almost invisible 
legion, neai the base of the flame, since the 
luminous legion of cone (C) obscures it in the 
iippei poition of the flame 

The luminosity of a flame depends upon 
seveial iactois the an supply, the picssuie 
of the gas, the teinppiatiuc of the burner 
tube, the gas, and the an, and the piesencc 
of ineit gasses In some flumes, a poition of 
the oncigy of the leaction is leloased as light, 
and the flames aic luminous, although no 
solid pai tides aie piesent This happens, 
for example, in the burning of ammonia 
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The tempeiature attained m the flamo of a 
Bunsen buiuoi vanes undei optiimini condi- 
tions fioin 300° neai the base of the flame to 
about 1500° just above cone ((7) That por- 
tion of the flame which contains hydiogeii 
and carbon monoxide (cone B) is sometimes 
called the reducing flame, because these sub- 
stances act as 1 educing agents The upper 
portion of the flamo, in which theie is an 
abundant supply of oxygen, is called the 
uiidizing flame 

27 . Gas Mantles 

Wid-ei gas (H 2 and CO), and also natural 
gas, which contains laige amounts of me- 
thane but veiy little of the unsatuiated hy- 
diocaibons, bum with an almost coloiless, 
non-lununoub flamo If such gases aie used 
foi illumination, a gas mantle must be em- 
ployed Bofoic the extensive use of elec- 
tiicity loi lighting, the Welsbach gas mantle 
was an nnpoitant illuminating device 
These mantles consist of the oxide of thoiium 
(99 pci cent) and the oxide ol ceiium (1 per 
cent) When this mantle is suspended about 
a flame, it becomes incandescent and emits 
a biilliant light, which is much supeiioi to 
the oidmaiy luminous gas flame 

28 Miners' Safety Lamp 

Many of the disastious explosions in coal 
mines icsult from the ignition of mixtures of 




Figure 265 Meker Burner 


air and coal dust oi methane (flic damp) 
An open flame earned by a minoi as a source 
of light IS evidently very danger oiis foi this 
leason In 1815, Sir Humphiy Davy in- 
vented a safety lamp which can be carried by 
miners without much danger of igniting ex- 
plosive mixtures Davy’s lamp (Figure 264) 
is based upon the pimciple that a flame may 
be extinguished if the tempeiature of the 
burmng gases becomes less than their igni- 
tion point The oi dinar y glass chimney is 
replaced by a wire gauze or screen If a 
mixture of methane and an, for example, 
starts to burn near the flame and inside the 
gauze, it travels out to the screen, which 
conducts the heat aivay so rapidly that the 
mixture on the outside does not reach the 
Ignition tempeiature The pimciple of the 
safety lamp can be demonstrated by lowering 
a iviie screen over a flame The flame con- 
tinues to bum beneath the screen, but the 
gases above are not heated to their ignition 
temper atiii e Or if a sci een is placed above a 
buiner, the gas above the screen may be ig- 
nited without affecting the gas below the 
screen The Mekei burner (Figure 265) 
makes use of the same principle, The 
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“sti iking back” of the flame is pi evented by 
placing a screen at the top of the baud of 
the buinei This scieen pi events the gas 
in the barrel fioin becoming hot enough to 
Ignite The scieen divides the flame into a 
number of small cones, and very rapid com- 
bustion IS effected by admitting an excess of 
ail at the base of the burnei A tempeiature 
some 400° highei lhaii that obtainable with 
an ordinal y Bunsen buinci may be pioduced 
by the Mekei buiner 

29 Coal Gas 

When coal is heated in the absence of air, 
the gases vhich aie evolved aie combustible 
In plants opeiated pi mcipally foi the pi educ- 
tion of municipal gas supplies, bituminous 
coal IS used, .since this gives moio volatile 
substances than anlliracite coal Coal gas 
IS also a by-product of the modem coke 
ovens, which aic opeiated primarily toi the 
pioduction of coke A coal-gas plant con- 
sists ot the non ictoits, in which the coal is 
heated (Figuie 266), the hydiaulic mam, 
condenseis, watei and oil sciubbcis, a sullui 
icmovei , and the gas-hoklei The gases that 
escape flora the retorts bublilc through the 
watci seal in the hydiaulic mam Heie a 
considerable portion of the tar is collected 
In the condcnsci, the icst of the tai is sepa- 
rated, and this flows into a tai-well The 
gases then pass into the hist of the sciub- 
bois T’his is a tower which is filled with 


loose coke Water is spiayed in at the top 
of the tower, and ammonia and some of the 
hycliogen sulfide dissolve in it In another 
SCI libbing tower, heavy oil is used to dissolve 
benzene and toluene The hydrogen sulfide 
is then leinoved in the puiifiei, which con- 
tains quicklime oi moist feiric oxide The 
gas IS then stored in the gas-holder, fiom 
which it is foiced out into the city’s mains 
The composition of coal gas varies consid- 
eiably with the kind ol coal that is heated m 
the ictorts and with the teinpeiatiiio One 
ton of soft coal produces, as piimaiy prod- 
ucts, about 1300 pounds of coke, 120 pounds 
ot tai, and 12,000 cubic feet of gas From 
the gas there may be lecovered liom 10-25 
pounds of ammonium sultate, 10 pounds of 
benzene, and about 3 pounds of toluene 
''Idle tar also gives many valuable piodiicts, 
such as phenol, naphthalene, anthiacenc, 
and pitch (see page 571) The coal gas 
fanally collected m the gas-holdcis contains 
about 30-50 pei cent ol hydrogen (by vol- 
ume), 20-35 pel cent of methane, 10 per cent 
of carbon monoxide, smaller amounts of un- 
saturated hydiocaibons, such as ethylene 
and acetylene, and vapois of benzene and 
toluene The percentage of hydiogen in- 
creases, when high terapeiatuies aie used in 
distilling the coal The luminosity of the 
coal gas flame depends upon the percentage 
of unsaturated hydrocarbons in the mixture, 
since these aie decomposed more readily into 
free carbon than the saturated hydiocaibons 
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Figure 266 Ceal Gas Plant 
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30 Water Gas 

The production of watei gas by passing 
steam thiough beds of led-liot coke has al- 
leady been discussed (page 111) This 
gaseous niixLuie contains hydiogen and 
caibon monoxide The flame ol this gas is 
hot but non-luminous Watei gas is an ex- 
cellent fuel but has no value foi lighting 
purposes, unless the Welsbach mantle is 
used It is often enriched by the addition ot 
hydiocaibons fiom peti oleum The hot gas 
passes upwaid thiough a towei filled with 
brick over which oil is sprayed from the top 
of the towel The vapors lioin the oil, 
mixed with watei gas, then pass into another 
heating chambei where the hydiocaibon 
molecules are cracked The changes that 
occur during ciackmg lesult in the formation 
ot considerable quantities of unsatiuated 
hydiocaibons, tai, and gas caibon. The tar 
must be lemoved by sei ubbmg In addition 
to producing a gas that bums mth a luminous 
flame, the eniichment of watei gas in this 
mannei adds substances that can be detected 
by their odors This allows the detection of 
the gas mth its poisonous caibon monoxide 
content, watei gas that has not been en- 
iiched is odorless and therefore much moie 
dangerous. The use of watei gas as a source 
of hydrogen has been mentioned in a pievi- 
ous chapter (page 111) 

31. Producer Gas 

A cheap fuel that is used lathei widely in 
the mdustiies is produced by blo'.ving air 
through thick beds of hot coal The carbon 
dioxide that is produced m tiie lowei portions 
of the coal is reduced to caibon monoxide at 
the highei levels Some steam is blown in 
along with the aii, and this is reduced to 
hydrogen by the i eacti on with hot coal Not 
enough steam is used to cool the coal beds 
veiy much, and since the combustion ol the 
coal (to foim caibon dioxide) liberates a 
laigc amount of heat, the icaction goes on 
continuously Gases, such as methane, aie 
distilled from the coal Hence, the piiucipal 
constituents of producci gas aie hydiogen. 


the hydrocarbons 

carbon monoxide, methane and othoi hydio- 
carbons, caibon dioxide, and nitiogen 
Producei gas is used as a fuel m gas-buinmg 
mdiistnal furnaces and also, when mixed 
with air. 111 internal combustion engines 
It is most often made in the same plant 
where it is used If the gas is produced as 
requiied, it is possible to use it, nhile still 
hot, thereby saving some eneigy and doing 
away ivith the necessity ot supplying laige 
gas-holders for stoiage 

32 Blast-Furnace Gas 

lion oies aie leduced to metallic iron by 
heating the ores, which aie usually oxides, 
with coke in the blast furnace The heat is 
supplied by burning some of the coke in a 
blast of air that is blown into the luinace 
The gases that escape contain caibon monox- 
ide and some hvdiogcn, which comes tiom 
the leduction of the watei that is picsent in 
the 01 es The gas also contains mtiogen and 
caibon dioxide In gcncual, it resembles 
pioducei gas, but it is of a lowci quality be- 
cause of its gi eater percentage of non-com- 
bustible components 

NATURAL RUBBER 

33 Chemical Nature of Rubber 

The woild's supply of lubbei comes from a 
tree that grows wild in certain tropical le- 
gions, and which is also cultivated on “lub- 
bei" plantations The tiees are ‘‘tapped” 
by cutting thiough the baik, and fiom the 
cuts theie flows a liquid, called lalex, which 
IS an emulsion of small lubber pai titles dis- 
peised in water The emulsion is stabilized 
by the presence of uitiogt'iious sulistaiic.t's, 
which act as protective colloids fl’lie addi- 
tion of acetic acid piocipitaft's (,licse sub- 
stances, and causes the scpaiation of tht' 
lubber hum the dispersing medium fl’hc 
lubber that sepaiates is in the loim of a soft 
dough-hke mass and is wliite d piue To 
coagulate the latex iiom the wild trees, 
wooden paddles are dipped into it and then 
held m an acrid wood smoke When the 
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Figure 267 Tapping a Rubber Tree 

acid in the smoke has coagulated the rubber, 
the paddle is again dipped into the latex, and 
so on This process results finally in the 
accumulation ol a laigc ball of rubber on the 
end of the paddle 

The coagulated lubber, if puie, consists of 
a complex hydrocarbon, which is a poly- 
merized foim of isopiene 

CHs = C - CH = CH 2 (CeHs) 

CHs 

The polymer (rubber) is sometimes called 
caoutchouc and, since its exact molecular 
stnu'tuie is unknown, it is represented by 
the foimula (C6li8)x 

34 Properties and Uses of Rubber 

Puie rubber becomes brittle in cold 
weather and in warm weather is entirely too 
soft and sticky to be of any use in the manu- 
facture of lubber articles. These difficulties 
are prevented by vulcanizing the rubber. 
This process consists in heating the raw 
rubber with small amounts of sulfur or sulfur 


monochloride, S 2 CI 2 The exact nature of 
the chemical change involved is not Icnown 
Some of the atoms of sulfur, howevei, must 
become attached by forming bonds ivith 
caibon atoms that are joined by double 
bonds m the lubbci molecule Fiom 5 to 30 
pel cent of sulfur is added duimg vulcaniza- 
tion Small amounts aie used in making 
soft and elastic vulcanized rubber, ivhilo 
haid rubber, or ebonite, results when larger 
amounts of sulfur are added Small pei- 
centages of certain orgamc compounds act, 
catalytically, to inciease the speed of vul- 
canization These substances are called 
acceleraiois 

Most rubbei articles contain seveial sub- 
stances in addition to lubbei and sulfui 
Red lubber contains antimony sulfide, and 
black rubbei contains carbon black Not 
only do these substances impait color to the 
finished product, but many of them mciease 
the resiliency, strength, toughness, and re- 
sistance to wear Zinc oxide is very often 
added to impait these qualities to the rubbei 
used in the treads of automobile tries Since 
1927, the avciage mileage of tires has been 
more than doubled by the use of these sub- 
stances, and also by improvement m the 
fabric used in the manufacture of tires 
The extent to which the automobile in- 
dustry depends upon rubbei is shown by the 
fact that the average cai has 200 parts 
made of, or containing, rubber About 145 
pounds IS used in the manufacture of each 
car In addition, rubber is used in some 
32,000 articles Altogether, these uses con- 
sume about 1,100,000,000 pounds of rubber 
annually in the United States 

Review Exercises 

1 How IS the laige number of oiganic com- 
pounds explained? 

2 What docs the term homologous senes mean 
as used in refeirmg to hydiocaibons'' 

3 Give the name and stiuctuial foimula of one 
member of each of the four senes of hydro- 
carbons. 

4. How are the unsaturated hydrocarbons dif- 
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Figure 268 Vulcanizing Tubes for Tires 
The rubber to make tubes is mixed with sulfur and other substances 
and then heated with steam under pressure 
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ferent m stmcture and in chemical piopeities 
fiom the saturated hydrocai bens'? Give an 
example of each class of hydiocaibons 

6 Define isomers Illustiate by giving the 
stmctuial foimulas of the isnmeis that coi- 
lespond to the empirical foimula CiHio 

6 Suggest as many diffeient isoraeis as you can 
foi the empirical foinuila CcHis 

7 What aie the diffeiences in the composition 
of gasoline, kerosene, and luhi mating oils'? 

8 What does the term cracking mean as applied 
to the piodiictioii of gasoline? 

9 How IS ethylene produced fiom giam alcohol 
(C2H60Ii)'? How IS the same alcohol made 
fiom ethylene'? 

10 Calculate the densities of methane, ethylene, 
and acetylene (iii their gaseous states and 
iindei standaid conditions) fiom then loi- 
mulas 

11 How many oaloiies of heat aie evolved cluiiiig 
the combustion of 10 standaid hteis of 
methane'? 

12. Why IS a high piessuie tavoiable to the le- 
actions involved in the Beigius piocoss of 
“liquefying coal”'? 

13 Fiom what souice aic benzene, toluene, and 
xylene obtained'? Flow do the stiaictines of 
these hydiocaibons dilfei^ 

14 Why IS a flame of buiiung hydiogen not 
luminous'? Why do unsatuiated hydiocai- 
lions pioducc flame.s that aie rnoic luminous 
than those piodiiced by satuiatcd liydio- 
cai boils'? 

15 How and why is watei gas eiii idled’ 

16 Explain the pinioiples upon which the Wels- 
bach gas mantle and the mmens’ safety lamp 
aie based 

17 Which of the lollowiiig hydiocaibons \ull 
pioduco the gieatcst quantity of watei when 
one gi nm-molociilai weight of each i'- huiiied? 
Benzene, acetylene, ethane, and toluene 

18 Why aic coal gas and watei gas consideied 
moie valuable iiicls than piodiicei gas’ 

19 A sample ol gas containing ethylene and hy- 
diogen was bmned, foiming 18 g of water 
and 22 g of caibon dioxide What volume 
did the oiigmal gas sample occupy under 
standaid oonditioiis'? 

20 If watei gas can be lepiesented as an equal 


STP 

moleculai mixtuie of hydrogei^ and carbon 
monoxide, what volume of air (21 per cent 
oxygen) will be required to burn completely 
10 liteis’ Assume standaid conditions m 
calculating the volume of an 

21 The octane number of a gasoline i.s 90 Ex- 
plain 

22. Identity isopienc, xylene, oil shale, polymci- 
ization, leducmg flame, naphthalene, paiaffm 
base oils, maish gas, isobutane 

23 Complete the simple, oi empnical, formula 
of one hydrocarbon containing eight caibon 
atoms (pel molecule) in eacli of the foui 
senes of hydiocaibons 

24 Would you expect to obtain one, two, oi 
moie diffeient compounds when cliloiine le- 
acts to leplace one atom of hydrogen m the 
molecule of noi mal butane'? Explain 

25 Explain the natuie ol the changes involved 
m each of the following piocesses used in the 
gasoline mdustiy alkylation, lefoiming, 
polymeiization, liydi ogenation 

26 Two gi am-moleculai weights of methane 
contain the same weight of caibon and four 
times as much hydi ogen as one gi am-molecu- 
lai weight of acetylene Moie heat is lib- 
erated, howevei, by the combustion of the 
lattei Explain 

27 “High test” gasoline contains hydiocaibons 
of smallei moleculai weight than “low test” 
gasoline Foi equal volumes of the vapois of 
the two giades of gasoline, at the same tem- 
peiature and piessuie, which liberates during 
combustion the gi eater quantity of energy? 
Explain 
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DERIVATIVES OF THE 
HYDROCARBONS 


I tvmeA my chan to the fire and dozed Again the 
alotm weie qamhuhng bejore my eyes Long 
rows turning and twisting m smLe-hLe motion 
But loolJ Whit was that? One of the snakes had 
seized hold of its own tail, and the form whirled 
mockiiigli/ before my eyes As if by a flash of 
lightning I awoke 

KBKULE 


1 Alkyl Radicals 

Many oi&anio compounds are pioduccd by 
the substitution of vaiious kinds of atoms 
and ladicals foi one or moic of the hydiogen 
atoms of a hydrocaibon molecule Sub- 
stances of this kind aie called derivatives of 
the hydrocarbons Some of them occur in 
different plant and animal products, and 
these can be changed by means of certain 
chemical reactions into other deiivatives 
On the othei hand, some of the derivatives 
are, or may be, produced directly or mdi- 
rectly fiom the hydrocarbons themselves by 
the method of substitution The group re- 
maining after the icplaccmont of one hy- 
diogen atom m the molecule of a methane 
hydiocaibon is called an alkyl radical The 
alkyl ladicals coi responding to the hist ten 
membeis of the methane senes of hydrocar- 
bons aie 


the derivatives of benzene, toluene, and 
othet aiomatic liydiocaibons Speaking, 
loi the piesent, of the derivatives of methane 
and its homologuos, and of the compounds 
which contain only oxygen in addition to 
caibon and hydiogen, we hnd that six classes 
of derivatives make a convenient grouping 
of many oiganio compounds of great im- 
portance These six classes are discussed 
below 

2 The Alcohols 

Deiivatives of hydiocaibons that contain 
one 01 mote hydioxyl groups in place of one 
01 moie hydrogen atoms of the molecule are 
called alcohols The most familiai alcohols 
ate those ivhich contain the methyl and 
ethyl alkyl groups, and which may be ic- 
gaidcd as deiivatives of methane and ethane, 
respectively 


Methyl CTIg 
Ethyl C2H6 
Propyl C3H7 
Butyl CiHo 
Amyl Csliii 


liexyl CoITn 
Heptyl C7H16 
Octyl CePIi? 
Nonyl CgHi.1) 
Decyl CioPIzi 


For the most pait, we shall confine oui dis- 
cussion to the derivatives of the methane 
senes of hydiocaibons, but in the latlei pait 
of this chapter we shall also present some of 


Methyl alcohol CHiOII 

Ethyl alcohol CaFTOII or CITCHgOH 

For each of the hist two alcohols only one 
stiuctiual foi inula is possible, and theie are, 
theiefoie, no isomeis of these substances 
isomensm makes its appearance in piopyl 
alcohol, which has two isoineiic forms Four 
isomers of butyl alcohol exist, and the num- 
bei of possible isomeis coi responding to the 
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empirical formula C13H27OH leaches into 
the hundieds 

H PI H 

1 1 1 

H -C — C--G — OH 
II H H 


The names methanol, ethanol, propanol, 
and so on, aie sometimes used to designate 
the diftorent alcohols, the ending -ol indicat- 
ing the piescncc of the hydioxyl gioup 
The tcims primary, secondary, and tertiary 
alcohols, as used above, lefci to compounds 
m which the following gioups appeal 


Noimal (n) propyl alcohol 

H 

H H 

1 1 

H — C 

1 1 

— C — C — H 

H 

OH H 

laopiopyl 01 

secondary propyl, alcohol 

H 

H H H 

H — C — 

C — C — C — OH 

H 

H H H 

Normal butyl alcohol 

H 


H — C\ 

H H 

H 

\c — C — OH 

H 

1 / 

^ H 

H-C^ 

1 


1 

H 

Isobufyl alcohol 

H 

H H H 

H — C- 

■ C — C — C — H 

H 

H OH H 


Secondary butj 1 alcohol 

H 

H H - C -- H H 

H — C C — C — PI 

H OH H 

Tertiary butil alcohol 


Piimaiy — 
iSecondaty 
Tcitiarv - 


CHaOH 
— f'HOPI 
■ COH 


All ot the substances named above are mono- 
hydric alcohols Glycol and glycinine (gly- 
cerol) aie dihydiic and tiihydiic alcohols, 
lespectively The foimei contains two and 
the lattei contains thiee hydioxyl gioups pei 
molecule 


C — OH 


H — C 


H — C ■ 


H 

telycei 1)1) 


There aie seveial glycols The substance 
represented by the foi inula C2Hi(OH)2 is 
ethylene glycol, which is used as an anti- 
fieeze in automobile ladiatois Foi this 
purpose it IS preferable to methyl and ethyl 
alcohols because of its i datively high boiling 
point, 197 4° 


3 Glycerine 

Glyceimc, or qlijccrol, is a liy-product of 
the soap industry Fats are compounds de- 
rived horn glyceimc and leilam oigamc 
acids, when a fat is treated with sodium hy- 
droxide, the acid is conveited into soap — a 
sodium salt of the acid — and glycerine is 
set fiee Glyceimc can also be produced by 
synthetic piocosses, and it is produced in 
small amounts duiiiig the fei mentation of 
sugai to make ethyl alcohol Even during 
World War I, this method — sugar fermen- 
tation — was used extensively in Germany, 
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at about 66 “ It is evticindy poisonous when 
taken internally, 01 nJieii the vapor la 
bieathcd It pioduccs blindness, by its 
action on the optic ncive, and often causes 
death Industrially, incthanol is a very im- 
portant liquid and dicmical leagent it is 
Widely used ii.s an anUfieezc and as a solvent 
m the manufactuic of ceitam substances, 
such as vainishes and shellacs, It is also 
used extensively in the manufactuie ol 
loiinaldoliydc, dyes, and dings, and as a 
denatuiant cil ethyl (grain) alcohol 

5 Ethyl Alcohol (Ethanol) CjIhOII 
We have mentioned, in the preceding 
chapter, the production of ethyl alcohol 
fioin ethylene This piece, ss is now med 
commeiemlly on a large scale The pioduc- 
tion of (dhyl alcohol in ivme, beei, and other 
alcoholic bevel age, s, as well as a large pait 
ul the supply oi imhistiml alcohol, depends 
upon the leimcntation ot sugai or starch, 
a chemical change bioughl about by the 
ac(,ion of c(iit,ain substances pioduced by 
yeast. This process ol pioducing alcohol 
should be called alcoholic jwmmlahon to dis- 
tmgiiish it fiom other changes m which 
mieio.scopic organisms convert one sub- 
stance into anothei The souring of milk 
and the piodiirlion of vinegar from cider, for 
example, aie releired to as acid fermenta- 
tions 

The leaetion m which glucose is converted 
into ethyl alcohol also produces carbon 
dioxide 

2 CjIhOII + 2 CO 2 


C0H12O11 ■ 

The staiting mateiial may be gliico.se itself, 
01 other sub, stances which can bo conveited 
leadily into glucose 01 sugms .similar to it 
These sub, stances include othei sugars, such 
as sucTose (cane sugai) and maltose, fruit 
juices, which contain sugars, andl stanch,, 
CcHioOs Even cellulose, whjBh constitutes 
the woody structure of all plants, may be 
changed first into glucose and then into 
ethyl alcohol Alcoholic leimcntation is 
catalyzed by certain substances called 
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enzymes, which are produced by the yea&t 
cells, The leactions m which enzymes aie 
involved will be discussed at greater length 
in Chapter 38, where sugars, starch, and 
cellulose are presented Oidmary cane 
sugar, starch, and cellulose aie not changed 
diiectly into alcohol by yeast Cane sugar, 
C 12 H 22 O 11 , IS first converted into simplci 
sugars that have the foimula CGHuOt by an 
enzyme called tnvertase produced by the 
yeast cells 

C12H22O11 + HiO — 2 CoHuOe 

These .simpler sugais are then conveited 
into alcohol by a second yeast-enzyme, 
called zymase Staich must fiist be ehangpd 
into sugais by boiling it ivith dilute hydio- 
chlonc acid solution or liy the action of 
enzymes Cellulose is also converted into 
sugai by boiling it mth concentrated acid, 
and the sugai is then fermented by the action 
of yeast Howevei , cellulose is not the soui ce 
of much glucose 01 alcohol at present 

Solutions containing 14 to 18 per cent of 
alcohol can be made duectly by fei menta- 
tion At highei alcoholic concentrations the 
yeast cells are killed Higher proportions of 
alcohol are obtained by the fractional dis- 
tillation of the natuially fermented product 
By this means, a solution containing 9fi-96 
per cent of alcohol can be produced. Prac- 
tically absolute (01 appioxmiately 100 per 
cent alcohol) can be pioduced by ti eating 
95 pel cent alcohol with some dehydiatmg 
agent, such as quicklime, and distilling 
Absolute alcohol is usually piepaied on an 
industiial scale, howevei, by adding benzene 
to 95 per cent alcohol and distilling this 
mixtme The fiist poition of the distillate, 
which contains the benzene, watei, and some 
alcohol, is discaided 

Puie ethyl alcohol is a colorless liquid, 
which boils at 78 3°, has a density of 0 789 
(20°), and fioezes at about -117° Next to 
water, it is the most widely used solvent Tt 
is used in the cxti action of ceitam organic 
compounds from natiual materials and m 
the prepaiation of varnish, .shellac, films, 


lotions, dyes, medicines, flavoring extracts, 
tooth pastes, and hundied,s of oilier indu,s- 
tiial and phaimaceutical products It if, 
used in reactions leading to the pioduction 
of ethylene, chloroform, ether, iodoform, 
and sevcial thousand medicines It may 
also be used as a fuel Solid alcohol 01 
“canned heat” is usually made fiom soap 
and alcohol The use of alcohol as an anli- 
tieeze m automobile ladiatoi.s is well known 
to everyone During Woild Wai II, about 
600,000,000 gallons of ethyl alcohol weie 
produced annually in the United States, 
Wood alcohol is the most familiar de- 
natuiant of ethyl alcohol Other denatur- 
ants are pyi idme, loiv-boiling peti oleum hy- 
diocathon.s, and aldchol, a piocluct obtained 
by oxidizing keioscne Denatured alcohol 
is sold without the payment ot the tax im- 
posed upon untreated ethyl alcohol 
Fusel oil is a mixture of alcohols — chiefly 
isomers of butyl and amvl alcohols — pio- 
diiced along with ethyl alcohol duung fei- 
ineiitation 

6 The Ethers 

The alcohols arc dehydrated by the action 
of limited quantities of sulfuric acid at a 
tempeiature of about 150° to form sub- 
stances called eiheis 

When ethyl alcohol is tieated ivrth a rela- 
tively small quantity ol acid, diethyl elhc} 
is foimcd The leaction which occuis may 
be lepiesentcd by the folloiving simplified 
equation, although intci mediate steps which 
arc not shown may occui 

H 11 11 H 

I I , , 1 I 

H — C -C -0 |l-l 0H| — C— C — 11 h 

H Ir II ii 

IbO-fCJ-h-O-ChTU 

(diolJuJ clhei) 

Diethvl othei is the substance commonly 
called ethei It boils at 35°, and its vapor is 
bisWy imflammable Its best known use is 
as an anesthetic foi geneial siirgeiy It is 
an excellent solvent foi some watei -insoluble 
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substances such as fats, waxes, and gums 
It IS used as a solvent foi the extraction of 
fats in analytical chemistry, when products 
are analyzed foi fat content It is also used 
as a solvent in the manufacture of smokeless 
powder, collodion, and certain kinds of 
artificial silk 

The etlieib coiiespoiid to the oxides of moi- 
ganio ohemistiy The toiinula and nature of an 
ethei vaiies with the alkyl ladioals combined with 
oxygen Dimethi/l ethei is GHs — 0 — CHi 
Ethyl methyl ether is CjHb - 0 - GHj, and propyl 
ethyl ethei is C 3 H 7 — 0 — GsIIe- Dimethyl ether 
contains the same numbei of caibon, hydrogen, 
and oxygen atoms as ethyl alcohol, and the two 
substances have the same empiucal foimula, 
CilisO Onesulihtance is the isoinei ot theothei. 


H 

1 

H 

H 

II 

1 

1 

H- G- 

G-OH H- 

- c- 

1 

0 - G - II 

H 

II 

11 

H 

(othyl alcohol) 

(dimotliyl ether) 


7 Aldehydes 

When the alcohols undcigo combustion, 
they are oxidized to carbon dioxide and 
water But if the oxidation is cained out, at 
a lelativcly low tempeialuic, by some mod- 
el atcly active oxidizing agent, a substance 
called an aldehyde is produced, if the alcohol 
belongs to the class which we call ‘piimary 
alcohols The general foimula for an alde- 
hyde is R — CHO, whole R lepresents an 
atom of hydiogon 01, inoie often, an aklyl 
ladical The production of the aldehydes 
corresponding to methyl and ethyl alcohols 
is shown by the lollowing loactions 

H 

I 

li — C--OIi-l- (0) — 


IRQ -b H — C = 0 

(foiiiialdeljjde) 


H H 

I I 

H — G — C — OH -b (0) 

II H 


II 


II 2 O -b H — C 
H 


H 

C = 0 


(acetaldehyde) 

Foimaldehyde is the most impoitant of 
the aldehydes It is produced whenever 
methyl alcohol is moderately oxidized Its 
most impoitant comineicial use is in the 
manufactuie of ceitain plastics, such as 
Bakehte It is commonly known and used 
m the form of a 40 pei cent solution, which 
IS called formalin This solution is used as a 
disinfectant and as a pieservative of lab- 
oratory and museum specimens of orgamc 
material Its use as a preservative of food 
IS illegal because ol its poisonous effects 
It is used m disinfecting rooms which have 
been inhabited by poisons with contagious 
diseases, and is also used as a disinfectant for 
grains and potatoes, and as a fly poison 


8 Ketones 

The ketones aie compounds that have the 

general foimula ^ > C = 0 , where R lepie- 

sents an allcyl gioup; the two alkyl gioups 
may be the same 01 diffeient Ketones can 
be pioduced by the oxidation of a secondary 
alcohol Thus, dimethyl helone is produced 
by the oxidation of secondary or isopropyl 
alcohol 

IT H H 

1 

H — C — C — C — H + (0)— 


H OH H 

H H 

H 2 O + H — C — C — C — H 


H 0 H 
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This substance is the most impoitant of the 
ketones and is called acetone It is one of the 
four impoitant products (chaicoal, methyl 
alcohol, acetic acid, and acetone) of the 
wood distillation industry (page 292) It 
may be prepaied by heating dry calcium 
acetate. 



CaCOa + CH 3 — C ~ CHa 

11 

O 

Acetone is also pioduced by ceitain feimen- 
tation-reactions and by a process in which 
ethyl alcohol and water react to foim acetone, 
carbon dioxide, and hydrogen The carbon 
dioxide and liydiogen pioduced in this leac- 
tion aie used to make methyl alcohol 
Acetone is one of the most impoitant 01 - 
ganic solvents As such it is used m the 
manutactuie of vaimshcs, smokeless pow- 
deis, paint and vainish removers, and many 
other mateiials Its use as a solvent foi 
acetylene has been mentioned previously 
(page 570) 

9 Acids 

Upon further tieatmcnt with modeiately 
vigoious oxidizing agents, aldehydes are 
converted into compounds that have the 
properties of lelatively weak acids. These 
acids contain the carhoiyl ladical — COOH 
The hydiogen atom of the caiboxyl gioup 
may be hbeiated as hydiogen ion The 
following equations show the oxidation ot 
formaldehyde and acetaldehyde to foimic 
acid and acetic acid, icspectively 

II OH 

II -- 0 = 0 + (0) — > II - 0 = 0 

(fonmildeln tl(*) (formir and (liC'OOH)) 


H H H OH 

II II 

H — C — C = 0 + (0)— — C — C=0 

(iicetaldeliyde) (acetic and (CH3COOII)) 

These two acids are the first membcis of a 
senes commonly called the faiiy acids, be- 
cause some of them aie found, combined 
Avith glycerine, m fats 

10. Formic Acid 

This fairly stiong acid is present m certain 
kinds of nettles and is lesponsible in part 
foi the sting of these plants It was pro- 
duced, oiigmally, by the distillation of a 
vauety of ants The shaip nutation and 
sting resulting fiom bites of ants and bee 
stmgs aie the cttect ot ioimic acid The acid 
IS now made by heating caibon monoxide and 
soduiiii hydioxide undei pressuie and tieal- 
mg the pioduct of this leaction with hydio- 
chloi 1 C acid Sodium foi mate, H — COONa, 
IS fiist produced; this salt then reacts ivith 
HCl to release foimic acid, H — COOH 

11. Acetic Acid 

This well-known acid is produced from 
ethylene (page 570), fiom the pioducts of 
the distillation of wood, oi by the conveisioii 
of ethyl alcohol in dilute solution into the 
acid undci the influence of certain bactciia 
The pyioligneous distillate (page 292) pio- 
duced when wood is heated in the absence of 
an IS treated vith hme, which converts 
acetic acid into calcium acetate Aftci the 
solution has been evaporated to diyness, 
this salt IS heated nith sulfuiic acid, and the 
mixtuie IS distilled Acelic acid i.s volatile 
and, consequently, is easily iceoveicd 

The pioduction of acetic acid honi ethyl 
alcohol involves the reactions that occui 
when cidei is allowed to stand exposed to the 
an foi some time The sugars of the fruit 
juice aic fiist fermented to produce ethyl 
alcohol The “haid cidei” is then placed 
m a eontainei that has pieviously contained 
viiiegai, or “motliei ol viiiegai ” is adilcd, m 
oidei that the pioper bactena may be ob- 
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tamed to complete the oxidation of alcohol 
to acetic acid The loaction is slow, but it 
can be acceleiated by circulating the solution 
containing the alcohol thiough a nnixtuic of 
beechwood shavings and “mothei,” which 
contains the acetic acid-fonning bacteiia 
The shavings give a grcatei amount of 
surface Cider vinegar contains 4 to 5 per 
cent of acclTC acid and has a blown color 
“White” or “wine” vinegar is made by the 
action of bacteiia upon coloilcss alcoholic 
solutions, or by simply mixing puie acetic 
acid and watei 

The anhydious, pure acid is called (jLacial 
acetic acid, because of the icelike solid that 
it loims when cooled to 16 7° 

Acetic acid has many uses It is used to 
prspaie calcium acetate, fiom which acetone 
IS derived, to make lead acetate, which is 
known as “sugai” of load, in the inanuf ac- 
tum of many dyes and other coal-tai piod- 
ucts, such as aspirin, to pioducc cellulose 
acetate, which is somewhat similar to cellu- 
lose nitiate (page 485) , to leact with vaiious 
alcohols in manufactuiing compounds valu- 
able as solvents and aitificial flavors, m 
dyeing, and in the punting of silk and wool 
cloth Cellulose acetate has the advantage 
ovei pyioxylm (cellulose nitiate) ot non- 
inflammability flflie pioduct of the icaction 
of acetic acid with amyl alcohol is amyl ace- 
tate, 01 banana oil, which is a solvent ex- 
tensively used in the piodimtion of pyioxylm 
lacquers, bionzmg liquids, and so foith 

12 Other Organic Acids 

Thcfoimulas and names of other rnoie or less 
common moiiobimc oigimic aeicls aie listed be- 
low 

Piopiomc CIIj — CHi — COOH 
hutyiic CIb - (0I-h)2 - COOH 
Valeuo GI-H- (CIHla - COOH 
Capioic CIH - (CPh), - COOII 
Palmitic CHi — (CHi),, — COOH 
Steauc CHs - (CH^lxo - COOH 

I-I H 

I I 

Oleic CHs - (CHs), - C = C - (CHo)? - COOH 


Oleic acid is unsaturated. The other acids iii 
this list coriespond to membets of the methane 
senes of liydrocaiboiis 

L/ulic acid, which is produced when milk sours, 
has the foimiila CH3CHOH - COOH As its 
foiiniila indicates, tliis acid is also an alcohol 
Its piescnce m sour millc icsults from the action 
of certain hactena upon milk sugar The foima- 
tioii of this acid is lespnnsible for the destruction 
of the colloidal condition of the casein of mdk 
and its pieoiintation as curds 

Oialic acid is dibasic, that is, the molecule 
contains two cailioxyl gioups, each of which 
may liberate a hydiogon 1011 Its foimula is 

COOH 

coon 

A moderately stiong acid, it is toimd, usually as 
the acid potassium salt, in son ell, iliubaib, and 
ceitaiii plants that have a soiii taste The 
oxalate ion, CjOr, i.s used m the dotcotion of cal- 
cium 111 analytical chemisti y, since calcium oxa- 
late LS only veiy slightly soluble in vvatei The 
acid itself is used m cleaning and polishing door 
plates, brass lails, and other metallic ai tides , 
m cleaning straw hats, in making ink-removois, 
m dyeing and printing cotton cloth, and m 
bleaching stiaw and leatlici I'lie acid is pois- 
onous 

(hlnc and This is a tnbasic acid 

coon - cji. - c'(( ooii) - cii - ( 0011 (iqc ,iJ,o,) 

I 

on 

It IS piesciit in citiiis funts — lemons, giape- 
fniits, manges, and limes Magnesium citiate is 
used m medicine, and the acid itself is widely 
u.sed in the manufacture of bcveiage.s 

Tatlanc acul is a dibasic acid 

COOH - Oil - CH - coon (II/hHA) 

1 I 

OH on 

Ciude taitai, lioru which the acid is piepaied, 
collects in the contumeis in which wine 01 giapn 
juice IS stoied Thiee salts of this acid aio mi- 
poitant substances These are cream of tartar, 
KHCJiiOb (page 384), Rochelle salh, KNaCiHiOo, 
and potassium anlimomjl taitaralc (taitai emetic), 
KSbOCtHiOb (page 1525) 

13. Esters 

Esters are the pioducts of the reactions of 
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acids TOth alcohols These reactions aie 
somewhat like the ncutialization of acids 
by bases, but the alcohols dihet from the 
hydi oxide-bases; they aio not clectiolytos 
and pioduce no hydioxyl ions The esters 
arc analogous to inoiganic salts, but difCei 
from salts m that they aie not electiolytes 
Because the alcohols aie not ionized, the ic- 
actions by which esteis are foimed proceed 
very slowly at ordinary temperatures Esters 
may be pi oduced fi om both organic and in- 
organic acids 

HNO3 + CaHsOH — ^ CnrisNOa -h H^O 

ethyl nitrate 

CHaCOOIi -h CaHsOH — ^ 

CH3COOC2H6 + H2O. 

ethyl acetate 

Since glycerine is an alcohol, it may also 
form esters Nitroglycerine (page 485) is 
the glyceiyl ester of mtric acid Similaily, 
cellulose acetate and cellulose nitrate are 
esters of cellulose, which acts as an alcohol 
in their foimation, and acetic and nitiic 
acids 

Many of the esteis have pleasant, flowei- 
like or fruit-like odors They aie used in 
perfumes, as solvents, and as flavors Amyl 
acetate is “banana oil,” and ethyl butyrate 
possesses the flavor of the pineapple 

14. Fats 

The fats are esteis of glycerine and ceitain 
monobasic 01 game acids The most familiar 
fats aie glyceryl esteis of palmitic, stearic, 
and oleic acids (page 587) These esters aie 
called palmthn, stearin, and olein, lespec- 
tively 

Palimtm (CH,(CII 0 uCOO),CJIt 
Stearin (CH8(CH2liGCOO)3C3H(i 
Olem (CHgICHjIvCH = CTriCIhlrCOOlGCjHe 

These three esters have widely diffeient 
melting points, therefore, the hardness of a 
fat depends upon the relative amounts ol the 
three esteis that it contains, The liquid 
fats, such as olive oil, coconut oil, and cotton- 
seed oil, contain 75 per cent or more of the 
ester of oleic acid, which is a liquid. Beef 


HYDROCARBONS 

tallow, on the other hand, contains about 
25 per cent of olein and 75 per cent of palmi- 
tm and .sfeaiin It is one of the hardest ol 
the natural fats Laid, which is a softer 
and more readily melted fat, contains 50 
to 60 per cent of olein and about 40 pei cent 
of palrnitin Biittei , in addition to 12 to 14 
pel cent ol water, contains olein and palmiim 
and about 8 per cent ol butyiin, the glyceryl 
estei of butyric acid (CH,i(CTl 2 ) 2 CO(lH) 
Rancidity of lats results when the cstois 
aie hydrolyzed 

(GI-L(CH2)wCOO)3C3H6 + 3 H 2 O — 

C-,Il6(OH)3 + 3 CIIXCLDiiCOOH 

filyceiine lialnutic aoid 

The foul odor of rancid butt er is caused by 
the flee butyric aeul, which is liberated 
when the tat hydiolyzes 
The hydi ogcnation of a liquid fat (page 
114) involves the addition of hydrogen, 
uliich combines with the carbon atoms that 
aie linked together by the double bond 111 the 
molecule of olein 

II 11 


[CI-LICIDj - C - C — (Clb), — COO] ,C, lit 


ir n 

-r K 


This icactioii converts olein into stearin, 
which IS a solid fat 

(CH3(CH2)ioCOO)2C,H6. 

This IS the method used in producing solid 
fats from cottonseed oil, coconut oil, and 
other vegetable and some animal oils The 
solid lats thus pioduci'd are used m the 
manufacture of soap, a.s slim toning, and as 
oleomaigaiiiic Some kinds ol oloomaigaiiuc 
aic pioduccd by mixing si ('ami Irom beef 
fat with oils to give a fat ol aliout the same 
consistency and moiling point as butter 
The yellow coloi of bultoi is obtained by 
adding a yellow dye, which is usually en- 
closed with the package of oleomargaiine in 
a small envelope and is mixed by the con- 
sumer. High taxes are imposed upon oleo- 
margarines that are colored before they are 
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Courtesy of Proctor and Gambia 


Figure 270 Effect of Hydrogenation 

The oil on the left is liquid and runs off the spoon The material on the right has been hardened by hydrogenation 
and, therefore, is no longer liquid at room temperature 


sold The idea appeals to be that the cus- 
tomer must know that he is buying a sub- 
stitute toi buttei HydiogenaLed fats and 
those piepaied by mixing solid and liquid 
esters to give a piodiict of the correct de- 
gice of haidness are as clean and nutiitious, 
when used as toods, as the natural pioducts 
They should melt, howcvci, at the body’s 
teinpeiatuie ddic flavoi of buttei is some- 
times added to the substitutes by churning 
the tats with milk oi buttei milk 

15 Soaps and Saponification 
Soaps aie salts (usually sodium or potas- 
sium salts) of certain “fatty acids ” Most 
soaps aie made by ti eating fats with an 


alkali, such as sodium hydroxide, but some 
aie pioduccd by treating the free fatty acids 
with alkali The fiee acid is made by hy- 
diolyzmg a fat (page 588) with the aid of 
dilute sulfuric acid which acts as a catalyst 
Fats are esteis of glycerine and the latty 
acids These esteis leact wuth an alkali, 
such as sodium hydioxide, to foim glyceiine 
and a salt of the acid Foi example, sodium 
hjrdi oxide reacts ivith glyceiyl palmitate, 
the estei of glyceiine and palmitic acid, to 
foim glyceiine and sodium palmitate, a soap 

3 (Na”^ -p OH”) -j- lCH3(CH2)i4000]3CaIl6 — ^ 

pttlimtin 

CiHsfOHla + 3 CH 3 (CH 2 ), 4 COONa 
glycerine sodium palmitate 
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Courtesy oj Vkxladelirhia Quartz Company 

Figuro 271 Cutting Laundry Soap into Bars 


This leaction, and similar leacLions bctirecn 
the vaiious glyceiyl e&teis (tats) and sodium 
01 potassium hydi oxides, aie called sapomji- 
caiion, 

The oidmaiy “haid” soaps are made by 
using sodium hydi oxide and the haidei fats, 
that is, those containing high propoitions of 
steal in and palmitm The ‘ ‘ soft ” and liquid 
soaps aic made fiom potassium hydioxide 
and liquid fats containing a high peicentage 
ot olein 

Natuially, the clieapei fats which are not de- 
siiable as foods aie used in soap-inaking These 
aie boded in the “soap kettle” with sodium hy- 
dioxide, and the soap is pioduced m a colloidnl 
state fi om which it is piccipitated oi “ salted out ” 
by the addition of sodium chlondc The soap 
settles out on the top of the mixtme in the 
kettle It IS icmoved and washed, fiist, with a 
salt solution, and then with watei It next goes 
to the “cmtchei ” wlieie it is mixed with vaiious 
substances such as coloiing mateiials, peiiumes, 
and filleis The filleis, which may be boiax, 
sodium silicate, sodium carbonate, and losin, 
are usually added only to the cheapei giades oi to 
lauiidiy soaps Tliese filleis usually seivc some 
puiixise Boiax, sothum ulicate, and washing 
soda (sodium carbonate) gue alkaline solutions 


in water and aid in softening water, while rosin 
increases the lathenng qualities of the soap, 
Fiom the “cnitohei,” oi mixpi, the .soap is uin 
into molds or “fiames ” The hardened soap is 
then cut into cakes Toilet soaps are usually 
piepaied from fats that are liquid oi semi-liquid 
at ordinary tempeiatmes Laundry soaps aie 
made from hard fats Floating soaps contain 
an bubble, s, which are incorpoiated with the 
soap in the “cmtchei ” Tianapaient soaps 
aie made by adding sugar or glyceime, oi they 
aie made by dissolving diy soap in alcohol and 
evapoiating the excess of solvent Upon standing 
the soaps lose all the alcohol with which they are 
mixed and become tianspaient A good toilet 
soap should lie practically pine sodium, oleate, 
stearate, or palrnitate and should contain little 
or no fiec alkali Dilieieiit soaps may contain 
different peifiimes and colois, but the value of a 
soap as a cleansing agent does not depend upon 
these mgiedients IMany of the substances added 
to soaps do serve useful piiiiioses, howcier 
Scouting soaps contain laige percentages of 
abia,sive materials, such as chatomaceous eaitli, 
clay, finely powdeiefl silica, oi volcanic avdi 
Soap powders may coiitam only about 10 to 25 
pel cent of soaj) Tlte lemaiiidei is fiequently 
sodium phosphate and sodium caibonate 

Aftei the leminal of the soap hom the kettle 
in which the saponification is caiiied out, the 
solution IS concentiatud by evaiioiation, and the 
glyceime is lecoveiod liy dishllaiioii 

16 The Properlies and Cleansing Action of 
Soaps 

In using a soap one desiies to remove 
giease and particles of diit It was foimeily 
thought that the cleansing action of a soap 
depends upon the liee sodium oi potassium 
hydioxidc that is hbeiafed by hvdiolysis 
when the soaj) is added to wiitoi , the quan- 
tity of alkali produced by the' hydiolysis of 
a soap IS now known, howc'vei, to be too 
small to have much el lei ( 

The soap ilscli is icspoiisiblo foi the cleans- 
ing action, ivhich depends upon seveial lac- 
tois The most important of these is iihe 
ability of the soap to act as an emulsifying 
agent in the foimation of an emulsion oi oil 
and giease m water In this way, the gicase 
on skin oi cloth is bioken up into small drop- 
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CourUsy of Lever lirolhn, 


Figure 272 Kettle House 

Showing the empty soap ketlles where the fats are boiled. 


lets, which aio pi evented from coalescing 
by the soap that suiiounds each dioplet and 
acts as a piotective colloid These dioplets 
are then ivashed away m an excess of water 

As an explanation of the action of soap in 
stabilizing an emukion of droplets of oil in 
watei, it has been suggested that the soap mole- 
cules — consisting as they do of long chains of 
atoms — dissolve at one end in oil and at the 
other end in watci The end of the molecule 
consisting of — COONa, like othci .sodium salts, 
is moie soluble m watci than in oil, while the 
othei end of the molecule, consisting of ahydio- 
carbon ladical, is more soluble in oil as all hydio- 
carbons aie The soap molecules, theiefoie, 
form a bouudaiy between oil and water (Figiiie 
274), and act to bind the two liquids togetliei 
Since theie is usually much watei and only a 
small amount of oil, theic must be a veiy laige 
oil-suiface in which the hydiocarbon ends of all 
the soap molecules can dissolve This extensive 
surface is pioduced only when the oil is bioken 
up into many small diops, because the extent of 


the suiface inci eases as mattei is divided into 
smallei and smaller paiticles (page 555) These 
small drops of oil can be di.speised in water foi 
some time without coalescing to foim a layei of oil 

The cleansing action of soap also depends 
upon the effect of soap upon the suiface ten- 
sion of watei Soap solutions have a lowei 
suiface tension than puie watei This piop- 
ei ty causes watei containing a soap suspen- 
sion to spread veiy leadily evei suifaces 
and to penetrate the pores of the skin oi the 
spaces between the threads of cloth The 
lemoval of particles of dirt depends, at least 
in pait, upon the ability of the colloidal soap 
material to adsorb and cany aivay the chit 

A mixture of soap and watei is a colloidal 
dispcision instead of a true solution If cal- 
cium and magnesium ions aie present m the 
watci, then salts of palmitic, steaiic, and 
oleic acids are not soluble, and they do not 
form colloidal dispeisions Foi this reason, 
the addition of soap to hard water produces a 
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CouHciii of The Prodor and Gambia Company 

Figure 273. Cutting Soop Into Ribbons in the Monufoelure of Soap Flakes 


curdy precipitate of calcium and magnesium 
soaps, and hence the soap docs not form a 
lather, oi “suds” Enough soap must bo 
added to precipitate the calcium and mag- 
nesium ions of the haid watei as “insolu- 
ble” soaps, befoie the soap can have any 
cleansing action This lesults in a waste of 
soap and is also iindesiiable in the laundry, 
because the insoluble soaps are left upon the 
cloth as gray, duty deposits Some soaps 
made foi use in haid waters contain a water 
boftenei, such as sodium caibonate, which 
dissolves and leacts to piecipitate the mag- 
nesium and calcium as insoluble compounds 
Duiing recent yeais, seveial new oigamc 
compounds have been intioduced loi use 
as detergents One of these is produced 
in the following manner. ( 1 ) launc acid, 
CHsfCI-ElioCOOH, IS treated wth hy- 
drogen and conveited into lauiyl alcohol, 
CH3(CH2 )ioCH20H, ( 2 ) lauryl alcohol is 
then treated with sulfunc acid and con- 
verted into lauryl acid sulfate, GHsfCPQm- 
CH2HSO4, ( 3 ) lauiyl acid sulfate is then 
treated ivith sodium hydroxide to form so- 


dium lauryl sulfate, CIIilCr-DidCILNaSOi 
This substance and similar salts ate sold 
under the name of Dwfl Substances of this 
kind aie not soaps fiom a stuclly clicrnical 
point of view, but they aie excellent de- 
tergents The cnleium salt ol lauiyl acid 


Oriented 
monomoleculaiV 
layer of 
emulsifying 
agenf 


Hydrocarbon-''' 

chain 



Water 

phase 


Polar gr’^oup (carbonyl group 
containing light metallic radical) 


Figure 274 Diagrammatic llluslralion of an 
Emulsifying Agent in an Oil-in-Water Emulsion 
Showing Soap Molecules Separating Oil and 
Water 
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sulfate is as soluble as the sodium salt, 
hence there is no lormation of scum when 
Dicft IS mixed with haid watei It lathers 
equally well in cold and hot water and m 
soft and haid water 

DERIVATIVES OF BENZENE AND OTHER 
AROMATIC HYDROCARBONS 

17. The Ring Structures of Benzene and Related 
Compounds 

The ling structines of benzene and its dciiva- 
tives, as shown on the next page, aie based upon 
the chemical lieliavioi of these substances, and 
also upon ceitain pliysical propeities that we 
shall not discuss heie It has been cleaily demon- 
btiated, foi example, that all six atoms of lijulio- 
gen 111 the bouzone molecule aie identical in diem- 
loal behavioi If they weie not, it should be 
possible to iiioduoo dilteioiit substances by sub- 
stituting an atom of cbloiine foi one atom of 
hydiogen, dilforciit coni])ounds would be pio- 
dnoed, depending upon which atom ot hydiogen 
was replaced by chloime Tlieie is, however, 
only one compound coiiesponcling to the formula 
CflHsCI II the six atoms of caiboii wcie in a 
ohaiii, as they aie in noimal hexane, one com- 
pound would leault if ehloriiic leplacod an atom 
ot hydiogen at an end ot the chain, aiiothei com- 
pound would lie pioduced it cliloune replaced 
hydrogen attaclieJ to the second caibon atom 
fiom one oi the ends, and still a thud compound 
would result by icplaniig hydrogen attached to 
hie third carbon atom ficiiii the end of the chain 

Fuithermoie, theie aie onlij thiee dichlorohen- 
zenes, CoHiCl, 11 one chloimc atom icplaces an 
atom of hydiogen in position (1) of the benzene 


( 1 ) 



Figure 275 Positions in the Molecule of Boniene 


molecule (Figure 275), the second atom of ohlo- 
ime may replace atoms of hydrogen in positions 
(2), (3), or (4), if substitutions occur m positions 
(5) and (fi), the same compounds are formed as 
when icplacement occurs in position (2) and (3) 
Since theie aie only three dicliloiobeiizenes, 
carbon atoms (2) and (6), and atoms (3) and (5) 
must be identically situated with icspect to atom 
(1), atoms (2) and (6) are next to (1), and (3) 
and (5) are each sepaiated from (1) by a single 
atom of caibon This condition could not be 
true, and we could not explain the formation of 
only tliiee diclilorobenzenes, if the six carbon 
atoms weie joined together as a chain, m such a 
chain, atoms (2) and (6) could not be located 
identically with respect to (1). 

1 8. Coal Tar 

Benzene and toluene aie recovered by 
washrtrg coal gas in oil “scrubbers” (page 
675) These hydi ocarbons ai e also pt oduced 
during the fractional distillation ol coal tar, 
which also yields xylene, naphthalene, an- 
thracene, phenol, ciesols, and other sub- 
stances of lessei impoitance Each of these 
direct products of coal, or coal tai, is the 
starting mateiial loi the manufactuie of 
many valuable substances In general, these 
derivatives are called “ coal-tai compounds.” 
Although there are several thousand ot these 
compounds, we can only touch upon some of 
the most important in this book 

19 Some Derivatives of Aromatic Hydrocar- 
bons 

Coriespondmg to the aldehydes, acids, 
alcohols, and othci products of the methane 
hydiocaibons, benzene foims .similai deriva- 
tives Some of these are shown by the foi- 


loiving stmctural formulas 

CH 

C-Cl 

/\ 

/\ 

HC CH 

HC CH 

1 II 

HC CH 

I 11 

HC CH 

\/ 

\/ 

CH 

CH 

Benzene 

Cbloroben«5ene 
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C-NOs 


C - NHj 

/\ 


HC 

1 

CH 

HC 

1 

CH 

II 

1 

HC 

CH 

1 

HC 

1) 

CH 


CH 

Nitrobenzene 


CH 

Aininobcii7ene (aniline) 


H 


OH 


C-OH 

/\ 

HC CH 


HC CH 

\/ 

CH 

Phenol 


C- C = 0 

/\ 

HC CH 


C - 

/\ 

HC CH 


C = 0 


HC CH 

\/ 

CH 

Benzaldehyde 


HC CH 

\/ 

CH 

Bcnzoio aoid 


CH O H 

/\ II I 

HC C-C-O-C-II 

1 

H 

HC CH 

\/ 

CH 

Metlnl benzoate 
(au eater) 

Aniline i& the impoitant substance from winch 
many dyes and dings aie pioduced It is made 
by first allowing nitiio acid to leact with benzene 
to foim niliuhenzenc This substance is then 
1 educed by atomic hydiogen to form aniline 


CcHo + OIINOa 
CoHoNOi + 3 11, 


i-HO + CoThNO, 
h CcHgllll, “b 2 11,0 


resins (page 585) and picno acid (page 487) 
If benzene is ticated with concentrated siilfuiic 
acid, one of the hydiogen atoms of the benzene 
molecule is leplaced by the — SO 2 OH group, 
forming benzene sulfonic acid 


CH 

/\ 


HC 

C- 

HC 

CH 


\/ 

CH 

If this substance is fused with sodium hydi oxide, 
the sodium salt of phenol is produced • 

C 0 H 5 SO 2 OH + 3 NaOH — 

OcHsONa -I- Na,SO., + 2 H 2 O 

Phenol is then made fiom ilie sodium salt by the 
action of eaibon dioxide 


2 CjHsONa + H 2 O + CO 2 


Na,CO, + 2 C«Iir,OH 


Aniline is a colorless liquid, winch turns daik led 
upon standing An example ol its use in pioduc- 
ing dings IS illustiated by its leaction with 
acetic acid to foim acetanilide 

C.HfiNH, + HCJIaO, ). H,0 + C.HsNilCjH.O 

ncctonilide 

Phenol (CnIIsOH) is obtained diiectly dining 
the distillation of tai It is a white, ciystallme 
solid It IS used m making ceitain synthetic 


These icactions constitute an iiniioitant method 
of pioducing phenol fioin benzene The loima- 
tion of the sodium salt of phenol in this piooess 
indicates that idienol has the jnopoitics of a 
weak acid It is analogous to the liyrlroxides ol 
elements such as nitiogon, phosphoius, chlonne, 
and aisenic Because of its acid piopeities, 
phenol IS famihaily known as c/irhohc and It is 
extieinely conosixe in its action upon flesh In 
dilute solutions it scivcs as an excellent anti- 
septic ii)i destinjung oeit'uii foims of bacterial 
hfc 

Phenol is also used to produce salicylic acid 
OH 

I 

c - c = o 

lie ''c - OH 

I II 

HC ^CH 

X/ 

CH 

Tliis acid is important because of its use in 
making aspinn and otliei diugs, also methyl 
sahcylnle (winteigi een) The lattei is the ester 
of this acid and methyl alcohol 
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H 

0 -C-H 
OH H 


Cli 


Aspiiiii ih acdijl kaUiijhc acid Tn producing 
this diiig bulicylic acid acth iih an akohol, lliiougli 
its hydioxjd ladical, and foiin.s an ester with 
acetic acid 

C0H4OH COOII + CliiCOOH — 1- 
, 'COOH 

II2O + CoH.'T 

^COOCHa (aspiim) 


There aie two othei acids wdiich aie isomeis of 
salicylic acid These are called ineta- and para- 
hydi oxyhnzoic acids We might call salicylic 
acid o?l/to-hyclioxy-beiizoiG acid The stiiictuies 
of these thiee substances aic typical of many 
compounds in which two atoms ot ladicals ate 
substituted on the lienzenc iing 


Oil 

OH 

1 

I 

C- C= 0 

1 

c- c = 



HC C-OH 

1 II 

HC CH 

1 II 

HC CH 

HC C- 

X/ 


CH 

CH 

oitho 

tiiota 


OH 

I 

C- C = 0 

/\ 

HC CH 

HC CH 


C - OH 


paia 

If the two substituents aie attached to adjacent 
caibon atoms, the deiivative is known as the 
ortho compound If they are sopaiated by one 
caibon atom, the mela isomer is foimed If they 
aie diieotly across the iing from each other, the 
para isomer results The existence of only three 
such isomers foi any two substituents is one of 


the reasons for assigning the iing stiuctuie to the 
benzene molecule 

Toluene is the staitmg mateiial for timitio- 
toluene (page 487) , which i.s made by treating the 
hydrocaibon with nitric acid 

CtHsCHj + 3 HONO 4 — 

CoH.CNOdsCHs + 3 H ,0 


C - CH 3 


NO 2 — C C — NO 2 

H-C. 0 -H 


C — NO 2 


Benzoic acid is made by oxidizing toluene 
2 CnHsCHa +3 0. — >- 2 CbIIsCOOII + 2 HjO 

Bodiwn benzoate is widely used as a piesei vativo 
of foods 

Naphthalene and anthracene aio impoitant 
htaiting mateiials in the manufactuie of many 
diugh and dyes The foimer is used in oichnary 
“mothballs” The hydroxyl derivatives of 
naphthalene aie called nnphthols and aie used to 
make ceitam dyes The stiuctuies of alpha- 
aud heta-naphthol aie 



filpha-naphthol 


CH CH 



CH CH 

beta-napliLliol 


Review Exercises 

1 Name the six classes of the oxygen deriva- 
tives of the hydiocaibons What gioup, 01 
radical, characteiizes the compounds of each 
class'? 
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2 Wiite the structural formulas of at least four 
ksomeis cor responding to the formula 
CbIIhOH 

3 Give one example each of a primary and a 
secondary alcohol What products are 
formed when the=e alcohols are mildly (not 
completely) oxidized? 

4 Of what hydrocaihon is glycoiiiie a deux a- 
tiveY 

5 Name two ways of pioducing methyl alcohol 
Briefly describe each method 

6 For what purpose is yeast added iii the pro- 
duction of ethyl alcohol from sugar 

7 Write an equation, using stuictuial formulas, 
to show how (hethyl ether is made from 
ethyl alcohol, how formaldehyde is made from 
methyl alcohol ; and how acetone is made from 
secondary propyl alcohol 

8 Enumerate some of the important uses of 
methyl alcohol, ethyl alcohol, ethei, foimal- 
dehyde, and acetone 

9 Explain the changes that occur m the pro- 
duction of vinegar from order 

10 To what group of substances does the term 
fatty acids refer'’ 

11 How does the reaction of an alcohol with an 
acid differ from the reaction of a base with 
the same acid? 

12 Write an equation to show the hydiolysis of 
an ester 

13 Write an equation, foi each of the following 
reactions sodium butyrate and dilute sul- 
furic acid, palmitin and sodium hydroxide, 
glycerine and nitric acid 

14 What IS the difference m composition of the 
liquid and the solid fats? 

15 Describe the general nature of the chemical 
changes occurring in the folloxving cases 
saponification, hydrogenation of fats, xvlien 
calcium acetate is heated, when fats become 
lancid 

16 Explain the cleansing action of soaps 

17 Write fnimulas for nitrobenzene, phenol, 
ortho nitiobenzoio acid, aniline, naphthalene, 
salicyohc acid 

18 What IS an aUcyl group? Give two examples 
by names and formulas. 

19. By means of structural formulas show the 
relationships of ethyl alcohol, acetaldehyde, 


acetic acid, and ethyl acetate to one another 
and to ethane 

20 An alcohol was found to contain 60 pei cent 
oi caiboii and 26 67 per cent of oxygen. 
Upon oxidation it pioducccl a ketone What 
is its stmctiiial toimula? 

21 What volume ol absolute ethyl alcohol can 
lie produced 1)y the tciinentation of one lalo- 
giam of glucose, assuming all the glucose is 
usedY 

22 What woiglit of diethyl ethci can lie piocluccd 
iinm 100 liters of alisolute ethyl alcohol? 

23 What is the pcicontage of carl ion m palmitic 

acidY 

24 A cake of soap weighs 200 g. and contains 
10 pel cent of watei If the soap is sodium 
palmitate, what weight ol sodium hydioxide 
was rcqiined to make ilY 

25 A sample of x inegai weighed 100 g , and 
60 ml of 1 N .sodium hyuli oxide solution was 
reqimed to neuLialize the aoctic acid m it 
What peiccntage of acetic acid did the 
vmegai coiitainY 

References for Further Reading 
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Organic Chemistry Boston IIcmghLon Mif- 
flin Company, 1943 Coiiant, ,I B , and 
M Tislilei, Chemistry of Organic Compounds 
Rev ed , New Yoik The Macmillan Com- 
pany, 1939 Bortei, C W , Carbon Com- 
pounds 3d lev ed , Boston Gmn and 
Company, 1938 Williams, R J , An Intro- 
duction to Organic Chemistry 3d ed , Now 
York D Van Nostiand Company, 1935 
Many chapteis m the following books and m 
othoi similai books contain a xmst store of 
information piosentcd in an interesting maii- 
nei on the vauoiis subjects of oigauic chem- 
istry Slohson, E E, ('j('(dive ('hemistrij 
Howe, II E , ed , Clictnisli i/ in Industry 
Fostei, W, Romance of Chemistry Airlie- 
mus, S A , Chemistry in Modem Life 
Alcohols Ind and Eng Chem , 12, 370 (1920), 
32, 1588 (1940) 

Boap J Chem Ed, 2, 1035, 1130 (1925), Ind 
and Eng Chem , 21, 60 (1929) 

Synthetic Methyl Alcohol Ind and Eng. Chem. 
20 , 286 (1928), J Chem. Ed , 2, 429 (1925), 
3, 385 (1926). 
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Evcrij f(ut ihal has been discovered about ihe 
tliemtslri/ oj lelluloie has Led to the founding of an 
imhislt ij 

LITTLE 


CARBOHYDRATES 

The caibohychaiefe aie coiupouudh of 
caibon, liydiogou, and oxygen m which the 
hydiogen and oxygen aie usually piescnl. in 
the same propoition as they occur in watci, 
that IS, two atoms of hydiogeii foi cveiy 
atom of oxygen This docs not mean that 
these two elements exist as water molecules 
in the molecule of the caibohydiate The 
oxygen is often piosent as a pait of a hy- 
dioxyl, an aldehyde, oi a ketone gioup, and 
the hydiogen is combined dncctly with 
caibon (as in a hydiocaibon) oi is a part of 
a hydioxyl radical The most impoitant 
caibohydratcs aic sugais, staich, cellulose, 
and substances closely related to them 

1 Sugars 

Sugai is the name applied to a certain 
gi oup of cai bohydi ates which ai e best known 
because of their sweet taste T’hcy may be 
classified as monosaccharides, which have 
the ernpiiTcal foiniuki CJfuOo, and disae- 
ekandch which have the loiniiila Ci)Ih 20 ii 
Ifacli gioup corihisls of seveial isomers The 
most impoitant monosacchaiides aie glucose 
and levulosc Snciose, maltose, and lactose 
are the most important disacchaiidcs 

2 Glucose 

This sugai IS also called deabose oi grape 
sugar It has the following stmctiiial 
foimula 


H 

1 

II — C - OH 

1 

II — C — UH 

1 

II — C — OH 
H — C — OH 
H — C — OH 
H — C = 0 

Glucose, theiefoie, possesses the structural 
characteiistics of a pentahydne alcohol and 
also those of an aldehyde 
Glucose occuis in the juices of many fruits 
It can be pioduced, also, from the disac- 
chaiides, fiom staich, and from wood Thus, 
the hydiolysis of oidinaiy cane sugai 
(suciose) yields glucose and its isomer, levu- 
luse 

CiaHjnOii + IIjO — >- CiTIiaGc T CoHisOo 

MIClOBe kI'IC'JSC IPMllotiO 

Tins icaction is catalyzed by acids and, m 
the piocesb of digestion, by certain enzymes 
Maltose gives upon hydiolysis two mole- 
cules of glucose, lactose hydiolyzes to loim 
glucose and galactose, which is an isomei of 
glucose 

Wlien corn staich is boiled with water 
containing hydrochloric acid, a product 
597 
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called “coin sugai” is obtained The acid 
acts as a catalyst in the hydiolysis of the 
starch 

(CeHioOs)^ + XH2O — >- X CelliaOi, 

glUCORG 

The above equation shows the hydiolysis of 
starch to loim glucose The actual change in 
the starch is much more complex than this single 
equation shows, for “com sugai” contains the 
disacchaiide, maltose, and dextiin, which is a 
substance related to staich, in addition to glucose 
The “com , sugai” is obtained by neutiahzmg the 
acid with sodium caibonate and evapoiatmg the 
solution in which the staicli is hydiolyzed The 
evaporation pioduces a dry, haul cake, which is 
then pulveiized If the solution is evapoiated to 
a concentrated state “com syiup” is pioclucecl 
This Rjuup IS used foi sweetening 111 baking 
pastries, in making candies, as a table syiup, 
and as a symp [01 the sweetening ot vaiious 
soda-fouiitam jjioduots It is also feimented to 
produce ethyl alcohol 

Glucose IS now pioduoed from cellulose by 
heating wood waste (sawdust) with steam uiidci 
pressuie and m the pieseiice of sulfuiic acid 
The leaotion is similai to that loi staich The 
glucose thus pi ncluoed can be convei ted into ethyl 
alcohol Tins piocoss has been used in Germany 
for some time, and duiing Woild Wai II, a plant ' 
based upon the same piocess was consti noted in 
the United States 

3. Sugar in the Body 

Staich and the disacchaiide sugars, such 
as cane sugai, aie converted into glucose, or 
some of its isomers, during digestion Glu- 
cose and its isomcis theiefoie lepiesent the 
digested foim of most of the caibohydiates 
contained m oui foods Glucose passes 
without further change thiough the walls of 
the intestines and into the blood, by which 
it IS caiiicd to the vaiions parts of the body. 
The blood normally contains about 0 1 per 
cent of this sugar Since it is available im- 
mediately as nomishment without under- 
going any of the digestive changes through 
ivhicli other foods must pass in the stomach 
01 intestinal tract, a solution of glucose some- 
times is injected diicctly into the blood of 


patients seriously in need of immediate 
nouiishment and unable to take ordinal y 
food 

In cases of the disease known a,s diabetes 
mclhtus, 01 simply diabetes, the body be- 
comes unable to assimilate glucose, and this 
sugar must then be climinaled from the 
blood thiough the kidneys The piesence of 
glucose m the urine is, thcicforc, one of the 
prominent symptoms of this disixise 
The detection of glucose is based, usually, 
upon the leduction of coppci fiom its valence 
ot 2 to cuprous oxide m an alkaline solution 
The most familiai reagent for this purpose is 
Fehlmg’s solution, -winch is made by dissolv- 
ing cupric sultate m one solution and sodium 
hydroxide and Rochelle salt (page 587 ) m 
anoilier The two solutions are mixed jii,st 
before the test is made When a few diops 
of a solution containing glucose is added, 
and the niixtme is heated, led or yellowish- 
led cuprous oxide is piecipitatcd Glucose 
IS called, theiefoi e, a 1 educing sugai Ccitain 
othei sugars also 1 educe Fchling’s solution 

4 Levulose 

This sugai is also called f> iiclosr and fi nit 
sugar It IS a white solid and is seveial 
times swcotei than cane sugar It occuis 
with glucose 111 honey and in many hints 
The stiuctuial foimula of levulose is given 
below. 

H 

II — c — on 

H — G — OH 

H — C — Oil 

I 

li — 0 — OH 

C = 0 

li — C — OI-I 

1 

H 
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This sugai contains the ketone group, 
- C = 0, while glucose, its isomer, contains 
the aldehyde gioup — CliO 

Levulosc can be produced by the hydioly- 
sis of inulin (CoIiioOs)^, which is a substance 
closely related to ordinary starch Inulin is 
present in various tubers, such as dahlia 
bulbs, and in the Jerusalem aitichoke Con- 
siderable reseaieh has been earned out to 
hnd the most eilective methods of prepaiing 
and lehning the Icvulose made fiom the 
inulin of this artichoke Lcvulose, if it 
could be picpared on a laige scale, would be 
of consideiable value and impoitance, be- 
cause of its extremely sweet taste and also 
because it can be used by diabetic patients 
mthout aggravating their pathological con- 
dition 

5. Sucrose (CuHijOu) 

Suewse is the most familiai sugar Cane, 
boighum, sugai beets, the sugai maple, and 
some fuuts (pineapples and stiawbeiiies) 
contain sucrose Cane and sugai beets fui- 
nish most of the world’s supply The 
formei contains about 15 pei cent and the 
lattei about 17 per cent of sucrose 

The juice exti acted fiom cane is evapo- 
lated in closed vessels undei reduced pies- 
sure to prevent the decomposition and 
chariing of the sugai The crude sugai pio- 
duced m the mills located neai the sugai 
plantations is blown in color and contains 
many impuiities When this biown sugar 
reaches the rehneiy, it is dissolved in water, 
and the syiup is then hlteied through beds 
of bone charcoal, which icmoves the coloiing 
matter Gaibon dioxide is also passed into 
the solution to lemovc calcium salts The 
colorless syiup is then cvapoiated in “vac- 
uum pans” until crystals begin to foim 
The concentiatcd syiup is stiiied as it cools, 
m Older that small crystals (granulated 
sugar) may be obtained The crystals are 
dried by whiilmg m centrifugal machines 
If the sugar is allowed to ciystallize slowly 
and quietly, large raonochnic crystals, known 
as rock candy, are pioduced The concen- 


tiated solution remaining after the crystals 
are removed contains several sugars and is 
used as ordinary molasses Cube sugar is 
made by moistening small sugar crystals 
and piessmg them into small cubes Con- 
traiy to a somewhat general opinion, cane 
and beet sugars are identical, if they are 
carefully purified Sucrose is, likewise, the 
sugai in maple syiup and maple sugar, which 
owe then characteiistic flavor to other sub- 
stances 

Sucrose melts at about 185° If the liquid 
IS heated to about 215°-220°, paitial decom- 
position oecuis, and the sugai turns biown 
The pioduct is caiamel, which is used in 
making candies and as a coloring mateiial 
foi many foods and beveiagcs 

iSuciose IS thought to be made up of a 
molecule of glucose united with a molecule 
of levulose , a molecule of watei is lost in the 
union 


H 

H 

I 

H — C — OH 

1 

1 

H — C — OH 

1 

1 

H r 

1 

■R . P 


n ■ 

1 

H — C — OH 

1 

1 

H — C — OH 

1 

H — C — OH 

I 

H — C — OH 

i 0 


H — C — OH 

1 


-0 c c 

1 

H — C 


H — C — OH 


H 

One reason for believing that this is the 
structural formula of sucrose is based upon 
the formation of one molecule each of glucose 
and levulose from one molecule of sucrose, 
when the lattei hydrolyzes in the presence of 
a dilute aqueous solution of an acid 

Sucrose -|- Watei — >- Glucose + Levulose 

The mixture of glucose and levulose pio- 
duced by hydiolysis is called invent sugar 
The propel ties of invert sugar are consider- 
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ably different from those of suciose The 
loimer does not ciystalhze and loi this 
leason has ceitam advantages m baking 
pastries, and in making candies, concen- 
trated syiiips, and othei food piochicts in 
which ci ystallization is undesirable Su- 
crose does not reduce Fehlmg’s solution, 
while invert sugar i educes it readily Honey 
is largely invert sugar The bee gathers su- 
crose from flowers but this sugar is inveited, 
before it is deposited in the comb, by the 
action of foimic acid in the bee’s body oi by 
the action of enzymes Invert sugat is also 
present in the molasses remaining aftei the 
suciose has been recovered in the sugai re- 
finery Invert sugar is not so sweet as su- 
ciose It is also used as a moistening agent 
for tobacco and other products to pi event 
them from drying out upon standing 
When canc sugar is dissolved in water and 
yeast is added, an enzyme pioduced by the 
yeast cells, called inverlase, flist causes the 
sucrose to be converted into glucose and lev- 
ulose A second enzyme called zyma&e then 
acts upon the simpler sugai s to form ethyl 
alcohol and carbon dioxide (page 583 ) 
Enzymes in the body convert suciose into 
glucose and levulose during digestion 

6 . Maltose (Ci2H2aOll) 

Maltose is produced by the action of an 
enzyme called diastase upon staich When 
bailey and other grams geimmate and start 
to grow, the ataich that they contain is con- 
verted into maltose by the action of this en- 
zyme If the germinated gi am is heated and 
dried, a product containing diastase and 
known as malt is pioduced Malt causes 
starch to be hydrolyzed, thus producing a 
mixture of maltose and dexlim The latter 
IS a close relative of staich 

(CeHioOs)^ + HiO — >■ Ci2li220ii -f dextrin 

nuiltoae 

T'he pioduct is called deiinmallose, and is 
used as a food foi infants, in candies, and 
m making malted milk dunks If yeast is 
added to the solution containing maltose. 


enzymes convert the maltose into glucose 
and the glucose into ethyl alcohol This is 
the method of producing "malt liquors,” 
such as bcei 

Maltose is convoited into glucose by the 
action of the enzyme mallase dm mg diges- 
tion The plyaUn m saliva starts the con- 
veision of staich into maltose, and the pro- 
duction of glucose IS later completed in the 
intestines Maltose is a very nutiitioiis food, 
since one molecule pioduces two molecules of 
glucose upon hydrolysis 

7 . Lactose (C12II22O11) 

The only source of natuial lactose is milk 
Cow’s milk contains about 5 pei cent and 
human milk about 7 5 per cent of this sugar 
It is commonly called milk sugai Lactose 
IS not so sweet as suciose and it is less sol- 
uble in water The sliglit soluliihty of milk 
sugar IS respoiisilile for the granular iextuie 
ot some ice creams, becaiisi' the sugar may 
ciystalhze at the low tmnpei attire at which 
the ice cream is piepaied d’lu' addition of 
gelatin fuinishes a pinleeltvc' colloid (page 
553 ) and prevents this condition 
When milk souis, lactose, is conveited 
into lactic aoid 

+ IW >- 4 ( 11 1 , 0110110001-1 

lactose hioLit. acid 

This is a type of acid lei mentation It is 
pioduced by the action of a ceil am kind of 
bacteiia that is always ])iescnt in the aii', 
the pastcuiization of milk kills the bacteria 
already piesent, in tins pioci-ss ol steriliza- 
tion the milk is heated at a 1 empei ature of 
about 65 ° foi [01 ty to sixty lumutos Pas- 
teuiized milk must of eouise be lu'pt out of 
contact with the an, if it is (ro be pteseived 
llic olijcct ot pastc'iu izat 1011, however, is not 
to keep milk fiom souuiig but to kill typhoid 
bacilli and otliei bactena ol a haiiiiful char- 
actci that ranv have been jueseiit otiginally 
in the milk 

I he hydiolysis of lactose yields equal 
numbcis ol molecules of glucose and galac- 
tose, an isoinei of glucose This change also 
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occurs under the influence ol enzymes during 
digestion Lactose does not ferment when 
yeast is added, but when milk has started to 
sour, the acid catalyzes the hydiolysis of 
lactose, and this icaction results in the for- 
mation of glucose, which does leiment when 
yeast is added This principle is the basis 
of the production of cm tain fermented milk 
liquors, such as koinniss 

8 Starch and Dextrin 

Those substances as well as glycogen and 
cellulose, both ol which aie discussed below, 
aie polysacchaiides (page 597) The pro- 
portions of carbon, hydi ogen, and oxygen in 
them are represented by the simple loimula 
CdllioOs, but then actual moleculai weights 
and, theietore, then leal loimulas aie un- 
known; hence, the lormula of each of them 
IS wiitten as (CgIIioOs)^, where t is a large 
number whose exact value is not known 

The c'hiet source of starch in the United 
States is coin, in Euiopc it is the potato 
Plants store it away in giains, tubeis, and 
fruits as a food supply for the young plant 
until it has developed a leaf system of its 
own and can manufacture its own food 
Uniipened fruits contain a large percentage 
of staich, which is partially converted mto 
sugai as the fruit ripens The staich from 
all these sources is the same substance, but 
the staich granules liom difloient grams 
and othei suuices may be distinguished by 
then sizes, shapes, and other chaiacteiistics 

Dining digestion, staich is converted mto 
maltose This change is begun by the 
action of the enzyme ply aim of the saliva and 
IS later completed by the action of amylopsin 
in the intestines Maltose is eventually con- 
verted by maltase into glucose, which passes 
through the intestinal walls into the blood 

Cooking causes the starch granules to 
burst The staich of cooked foods is there- 
fore more directly attacked by the digestive 
fluids than is uncooked starch Wlien dry 
starch is heated, it undergoes a partial de- 
composition and dextim is formed. This 
change occurs to some extent on the surface of 


toasted biead Doxtiin has the same simple 
empnical loimula as starch (CoUuiOs)^, 
the difference is m the value of a, which is 
smaller for dextun than it is foi staich 
Thcio are leally sovmal kinds of dextim, 
which vaiy in the complexity of then molec- 
ular stiiictuie Dextrin has a sivcct taste 
It IS used chiefly as an adhesive on stamps, 
envelope flaps, and the like Dextim, along 
w'lth maltose and glucose, is also produced 
when starch is lioiled with water containing 
a little hydrochloric acid (page 598) 

Staich does not dissolve in cold water A 
suspension is made by boiling staich in 
watei, and the so-called soluble staich m 
made by the action of a cold dilute solution 
of hydiochloiic acid upon staich When 
staich IS treated with iodine a blue color 
IS pioduccd (page 342) This change is used 
as a simple test foi both iodine and staich 
The test should be made upon cold materials, 
as the blue color of the tioated staich disap- 
pears upon heating 

The exact loimula and the moleculai 
weight of starch aie unknown It is proba- 
ble, however, that the molecule contains 
hydroxyl groups, since starch can be ni- 
trated by treating with a mixture of nitric 
and sultuiTC acids “Nitio-staich” has been 
used to a limited extent as an explosive 

The use of staich in the laundry is familiai 
to eveiyone, and its use in producing corn 
sugai and corn syiup has already been men- 
tioned (page 598) Staich is also used in 
laige quantities to produce ethyl alcohol, by- 
conversion into glucose and maltose with the 
subsequent action of yeast, oi by the action 
of malt and yeast (page 5S4) 

9. Glycogen (CeHioOs)^ 

Coiiespondmg to the starch of plants, 
animals produce glycogen as a storage food 
This substance is very much like ordinary 
staich It IS found in the liver and in the 
muscles In the latter its conversion into 
lactic acid accompanies the use of the 
muscle in physical exercise (page 80) 
Like starch, glycogen is hydrolyzed to form 
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glucose It IS converted by the enzymes of 
the body into maltose and then into glucose 

1 0. Cellulose (CellKjOs)^ 

Cellulose has the same empirical formula 
as staich Its stiuctuial foimula and 
moleculai weight are unknown It forms the 
woody portions of all plant stiuctuies and is 
the principal substance in the wall of eveiy 
plant tell The chief souices of industnal 
cellulose aie cotton and wood 

It is thought that the molecules of cellu- 
lose are built up in the plant by the poly- 
meiization of CbHiqOs gioups, ivhich com- 
bine with one anothei to foim a long chain 
The CoHioOs group may be produced by the 
loss of a molecule of watci fiom a molecule of 
glucose 

Cellulose can be convcited into glucose by 
the action of hot dilute sulfuric acid Using 
a single CoHioOb gioup, the equation foi this 
leaction may be written as 

CoHioOji -|- H2O ^ C'oIIiaOfl 

The leaction must be earned out at high 
tempeiatuies and under pressuie Similar 
changes do not occur m digestion, and the 
cellulose contained in food is unused Some 
of the smaller forms of animal life appeal to 
be able to digest it The decay of wood 
IS probably hastened by the action of the 
enzymes produced by certain organisms. 
The enzymes produce a partial hydrolysis of 
the cellulose 

The molecule of cellulose contains hy- 
droxyl ladicals and reacts, theieloie, with 
nitric acid, and other acids, to foim esteis 
(page 588) The moderate action of a mix- 
ture of mtiic and sulfuiic acid produces 
cellulose mliate, w'hich contains fiom 10 to 
12 pel cent of mtiogen This is the product 
known as pyroxylin (page 485) More 
nearly complete mtiation yields an ester 
which contains up to 13 5 per cent of nitro- 
gen This pi oduct IS called gun cotton (page 
485) The two substances may be distm- 
guished and separated by taking advantage 
of the solubility of pyioxylm in a mixture of 


ether and alcohol, in which gun cotton is 
insoluble 

Gun cotton is used chiefly m producing ex- 
plosives, such as smokeless powders, cordite, 
and gelatin dynamites Pyioxylm is used ni 
the manufacture of photographic film, lac- 
quers, arlificial leathei, celluloid 01 pyialin, 
and collodion When u.sed as a base foi 
modern laequci s, cellulose nitiate is dissolved 
111 a volatile solvent such as amyl acetate 
Artificial leathers aie made by impregnating 
canvas cloth with solutions of cellulose ni- 
trate This fabnc is used as coverings foi 
automobile seats, for the upholstering of 
fuimtuie, and in making book bindings, 
luggage, window shades, screens, and the 
like Collodion is piopaied by dissolving 
cellulose nitiatc in a mixture of alcohol and 
ether Celluloid is piepaied by making a 
plastic mass of cellulose nitiato, camphor, 
and alcohol The mass is pressed into blocks 
by means of hychaulio presses which are 
operated at inodeiately high tcrnpciatuies 
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Figuro 276 Processing Nitrocellulose in the 
Manufacture of Pyralin 

Tlie material is forced through a fine screen sieve by 
hydraulic pressure to take out foreign matter. 
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Upon cooling the mateiial becomes haid and 
IS then cut up into sheets of the desiied 
thickness Different colois, mottled effects, 
and imitations of ivory, horn, mothei of 
peail, and othci materials are secured by 
adding the pioper coloring matciials 

1 1, Other Reactions and Products of Cellulose 

Vulcanized fihei is piepaied by ti eating sheets 
of pure unsized papei with a hot solution of zmc 
chloride. The sheets are i oiled up on large heated 
cylinders and piessed together to make a pioduct 
of the desired thickness The zinc chloiide must 
be lemoved by washing When dned, the vul- 
canized fibei IS very haul, and can bo sawed, 
tuined, and threaded It is used to make ti links, 
geais, washeis, valves, handles, waste-paper 
baskets, buckets, etc 

The lamp filaments used in the old type of elec- 
tiio lamps weie piepaied by making a viscous 
liquid mixtiiie of cellulose (cotton) in a solution 
ot zinc chloi ide This mixtui e was f oi ced tin ough 
veiy small openings into a picoipitating bath, and 
the filaments weie washed and carbonized by heat 
in the absence of an Filaments of very finely 
drawn tungsten aie now used in place of caibon 

Oxalic acid can bo made by heating wood chips 
or sawdust with sodium hydroxide After heat- 
ing, the mixtme is treated with water, filtered, 
and the filtiate is e\'apoiatcd The lesidue con- 
sists of ciystals ol sodium oxalate, which is con- 
veiled into oxalic acid by tieatment with sulfuric 
acid 

1 2 Mercerization 

Cotton cloth IS made stiongei and moie 
durable by a process called meiceiization, 
which involves treating tlic cloth with a 
solution of sodium hydroxide NaUiial 
cotton fibers aie tnist.ed, flat, and shiiveled 
Dining the tieatment ivith sodium liydi ox- 
ide, the cellulose is paitially hydiated and 
the till cads aic filled out, becoming straight 
and round Meicciized cotton has a 
srnoothci, soitei toxtuie than cloth made 
from untreated cotton 

13 Paper 

The average citizen of the United States 
uses about 250 pounds of papei per year, 


and about 9,000,000 tons of wood pulp are 
used annually in the paper industry The 
paper for newsprmtmg and the cheapei 
grades for other pin poses are made from 
wood, but cotton rags, straw, and similar 
materials aie also used 
To piepaie wood for paper-making, it 
must be chipped and then treated chemically 
to dissolve the lignin, which binds togetlici 
the fibers of cellulose m the natural wood 
Young plants and the glowing tips of oldei 
plants aie more tender and more easily 
chewed, for example, than older twigs and 
branches This is because the woody part 
of the plant is at first almost pure cellulose, 
but later develops into hgno-cellulose, which 
in paper-making must be reconverted into 
pure cellulose by chemical tieatment Cal- 
cium bisulfite IS usually employed foi this 
purpose The chips are cooked m a solution 
of this substance until the hgnm is dissolved 
and the fibers are thoroughly separated 
The pulp IS then washed with water and 
bleached with chlorine water or a solution of 
calcium hypochlorite 
This bleached material is poured upon one 
end of a moving screen, made ot wiie cloth, 
which acts as a filter and allows the water to 
dram through it, leaving the cellulose fibers 
enmeshed in the form of a wet, thick sheet of 
raw paper At the other end of the screen, 
this shoot passes between two large cylinders 
It then passes between other sets of cylmdeis 
which lemove the watei by piessuie The 
paper is finally dried by passing between 
cylinders which aie heated by steam on the 
inside Many substances, such as clay, 
losm, dexLiin, glue, aluminum silicate, 
barium sulfate, alum, and pigments or dyes 
are added to the pulp m pioducmg paper of 
special properties The materials added de- 
pend upon the desired color, texture, weight, 
and degiee of opacity Rosin, for example, 
makes the paper resistant to ink, and pre- 
vents spreading Starch, glue, dextiin, and 
similar mateiials are used as “sizing” to 
fill up the spaces between the cellulose fibers 
and to give a smooth finish 
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Figure 277 A Beater in Which Cellulose is Prepared for Use in Manufacturing Paper at Kodak Park 


PROTEINS 

1 4 The Chemical Nature of Proteins 

In addition to fats and caibohydvates, the 
food of man must contain ceitam complex 
compounds of mtiogen called pioteins 
These substances are abundant in many 
plant products and aie especially abundant 
in the bodies of animals and in animal prod- 
ucts, such as meat, eggs, and milk Pioteins 
constitute the essential part of every cell 
associated with living things The casein of 
milk, the hemoglobin of blood, the albumen of 
eggs, and the gluten of floui are familiar ex- 
amples ol proteins 

In addition to mtrogen all pioteins contain 
oailion, hydrogen, and oxygen Many of them 
also contain sulfui and phosphouis, in some, otliei 
elements, such as non, are piesent The exact 


chemical chaiactci of these substances has not 
been determined It is known, howevei, that 
then molecular constitution must be veiy com- 
plex and that then moleculai weights aie veiy 
laige Upon decomposition tliey yield ammo 
acids, and this fact is lesponsible ioi the opinion 
that the combination of such acids with one 
anothei bungs about the building up of pioteins 
in plants and animals, or at least that the final 
product IS a substance wliicli may be rogaidcd as 
such a compound The ammo acids contain the 
— NHj (ammo) ladical Thus, one of the simplest 
ammo acids is glycine, or annnoaictic acid, in 
which the —Nib gioup lejilacos a hydiogen atom 
of the methyl radical 

CIbNIbCOOII 

The amino radical is deiivedfiom the molecule ol 
ammonia by replacement of a hydrogen atom 
H— NHj The acid, theieioie, possesses the 
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basic piopeities of ammonia and also the acid 
properties which accompany the picsence of the 
carboxyl gtoiip with its lonizable liydingen atom 
The ammo acid i.s consequently an ainphoteiic 
substance Foi this leason two ammo acids 
might combine 


Ctls - NH^ - CO 

Cli, - 


OH 

H 


NT-I - COOH 


This combination might be continued, of cnuise, 
until it included a \eiy laige mirnliei of ammo 
acid molecules It is thought tliat this mechan- 
ism should result m the foimation of substances 
which aie pioteins or like pioteins in composition 
and charactei. Actual pioteins aie undoubtedly 
more complex, however, than the products which 
would result fiom the reaction shown above We 
know that the hydiolysis of a single piotom 
yields several differ ent ammo acids At least 
twenty of these acids have been identified as 
products of the decomposition of piotems 


15 Digestion of Proteins 
During digcslion, piotems aie acted upon 
by the enzyme pepsin and the digestive 
fluids of the stomach and aie changed into 
peptones and proteoses In the small intes- 
tine olhei enzymes help to hydiolyze the 
peptones and proteoses, convei ting them mto 
amino acids One of the enzymes of the in- 
testines IS hypsin The amino acids pass 
thiough the intestinal walls into the blood, 
by which they aic earned to all paits of the 
body loi use in building up the complex pio- 
teins found in the bodies ot all animals 
The oxidation of piotems in woin-out tissues 
01 of semm albumin m the cells pioduces 
uiea, COfNIIi)., uric acid, and oihei nitiog- 
onous compounds lhat aie eliminated from 
the body in iiiino 


16 Kinds of Proteins 

The piotems am diindcd mto seveial classes 
(lepeudmg upon then couqiositioii, solubility, oi 
geneidl chemical jiiopeities dhc phosphopoteins, 
of which the casein of milk is an example, contain 
phosphoius The alhiimvwids aie very slightly 
soluble piotems, collagen, a protein found m the 
bones and in the cartilage attached to them, be- 
longs to this group Gelatin and animal glue 


aie produced fiom collogen by hydrolysis The 
albumins am soluble m water, membeis of this 
gioup are piesent in lilood seium and m nulk. 
The globulins aie pioteins that are not soluble in 
watei but am soluble m salt solution or m solu- 
tions of alkalies The leudms are proteins that 
occui in wool, hair, leathers, fingei nails, hoofs, 
and similai animal mateiials Fibrinogen is an- 
othei blood piotem, when blood clots, it is 
cliaugefl mto Jibnn This change, and therefore 
clotting, can occui only outside the ciiculatory 
system of icms, aiteiics, and so on Hemoglobin 
is the iiKitem of the led blond coipusclcs 
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A diet consisting of puie fats, carbohy- 
diates, and pioteins will not maintain 
health oi even life foi very long Certain 
othei substances are required Strictly 
speaking, watei and oxygen are foods, if by 
foods we mean the substances that the body 
requires, fiom external souices, to maintain 
life, activity, and growth Mmeials aie also 
necessaiy to supply, among other things, 
the calcium and phosphoius fiom which the 
calcium phosphate of the bones is made, 
and salts, to supply chlonde ion foi the 
hydiochloiic acid ot the gastric fluid All 
ol these substances, howevei, do not make a 
satisfactory diet, unless they contain small 
amounts ol substances called vitamins, which 
aie neccssaiy toi health 

17 Vifamms 

Vitamins are usually piesent m sufficient 
quantities in the diet of peisons eating the 
oidinaiy kinds of food vegetables, meat, 
milk, eggs, biead, cereals, and fiuits Foi 
infants who aie fed prepared foods, and for 
adults whose diet, for one leason or another, 
IS deficient especially in vegetables, milk, and 
flints, they must sometimes be supplied 

Because of the extremely small amounts of 
the vitamins in foods, then recovery by ex- 
traction fiom such mateiials is not easy 
Although we have learned a great deal about 
them in recent years, there is still much to 
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loam, and at the present time it is impossible 
to say just how many exist Each of the 
known vitamins is represented by a letter, 
but as inoiG and moie of them aie synthe- 
sized and their chemical compositions and 
structures are made known, then chemical 
names are coming moie into use Each of 
the vitamins is present m many plant and 
animal products 

Vitamin A piomotes the noimal gimvth and 
development ot the body The lack of this vita- 
min in the diet causes a disease of the eye and 
eventually death It is also active in pi eventing 
infections It is said that this vitamin has been 
prepared in the pme state horn the coloring ma- 
teiial of carrots It is present in milk, butter, 
spinach, lettuce, and green vegetables of all 
kinds It is often supplied in the form of cod- 
liver oil to supplement the diet of children or 
others who appeal to suffei from a deficiency 
This vitamin is sometimes referred to as a fat 
soluble vitamin, because it can be lomoved from 
the materials in which it occurs by means of 
solvents that dissolve it along with fats, It has 
been produced in pure form from certain fish oils 
and from the compound called carotene, which is 
found in carrots During digestion carotene is 
converted into vitamin A 

The Vitamin B Complex consists of several dif- 
ferent substances Vitamin Bi is thiamin hijdro- 
chlonde, which is rcgaided as essential foi the 
prevention of the disease known as benbeii and 
of certam disorders of the neivous system It is 
abundant in all whole cereals, m many vege- 
tables, and in yeast It is also produced syntheti- 
cally Vitamin Bi aids m the metabolism of cai- 
bnhydiates and in the pievention of infections 
by bacteiia It also promotes the noimal, health- 
ful condition of the skin It is abundant in milk, 
vegetables, and eggs Tlie synthetic form of this 
vitaimn is known as nbojlavin Nicotinic acid 
is also a membei of the B complex 

1 itainvi C prevents the disease knoivn as 
scuivy It IS abundant m oiaiiges, lemons, to- 
matoes, and ceitani gieen vegetables, such as 
cabbage, lettuce, and spinach This vitamin has 
been produced by synthesis and is known as 
ascorbic acid. 

Vitamin D has been extracted and puiified It 
IS the vitamin which is so essential to the normal 
development of the bones of children, and it pre- 


vents the disease known as rickets It is abun- 
dant in manges, milk, and cod-liver oil Exposure 
to ultiaviolet light conveits the substance ergos- 
teroL into vitamin D Since ergosterol is piesent 
in the skin, the ultiaxiolet rays of the sun are 
beneficial in inci easing the quantity of this vita- 
min which ns available loi the body’s use Cei tarn 
food products containing ergosteiol are sometimes 
iiiadiated before use to inoiease their content 
ot vitamin D Tlieie are seveial loims of this 
vitamin 

Vitamin E pi events steulity of man and ani- 
mals and aids m the de\clopmont of tho young 
befoic the time of biith It is piescnt m meat, 
lettuce, and oils of vegetable oiigin Tho syn- 
thetic vitamin is known as alpha tocopherol 

Vitamin K, contained m green vegetables, egg 
yolk, and tomatoes, aids in preventing hem- 
orrhage It lias been pioduced synthetically 

1 8 The Functions of Food 

The mineral constituents of food aie le- 
quiied foi the formation of the solid portions 
ot the body’s stiuctiue, as the bones and 
teeth The vitamins are necessaiy to health 
and to the noimal growth and functioning of 
many paits of the body Fats and caibo- 
hydrates aie oxidized and seive as a souice 
of heat foi tlic maintenance of the body’s 
tempciatuie and also as piovideis of muscu- 
lai energy If these substances aic not 
piesent in sufficient quantities in the food 
ivhich we eat, materials stoicd in the body, 
including fats and glycogen, aie called upon 
as lescives to fill the need Proteins may 
also be oxidized and to some extent will 
leplace fats and carbohydiates in supplying 
cneigy But the duel functiuii of protein 
IS to supply the mateiial lequiicd foi giowth 
and for tho leplacement oi woim-out tissues 

The caloi ific value of food is of con.sideiable 
impoitance, since this is a moasuio of the 
eiieigy which is lolcascd when the food is 
oxidized in the body The caioiihc value of 
food has tlic same meaning as the caloiific 
value of a fuel, namely, the heat evolved 
when one giam of the suljstance is burned, 
The piodiicLion of heat in the body is due 
mainly to the oxidation of caibon and hy- 
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drogen to caibon dioxide and watci The 
aveiage encigy lequiiement is between 
2,000,000 and 3,000,000 caloiics per day 
A veiy active peison engaged m manual 
labor lequiress moie than 4,000,000 caloiies 


daily The average diet should contain 
about 65 to 75 giams of pioteins pci day 
The composition and caloiific value of 
some of the common food-stuffs aie given 
m Table 34 


TABLE 34 

Composition and Colorific Value of Food Materials * 


(Values aie given iii approvimaLe jiei cent or as appro’cimate number of lalories per pound) 


Food 

Water 

Fat 

Carbohydrates 

Protein 

Calories 1 

per pound ** 1 

Eggs 

74 

10 


13 5 

675 1 

Cereals 

(Oatmeal, rice, etc ) 

75 

05 

16 

3 


Cheese 

30 

35 

04 

29 


Potatoes 

75 

05 

20 

25 

450 

Beef 

60 

20 


13 


Ham 

50 

20 


23 

1,250 

Bread (white) 

35 

1 5 

52 

9 

1,200 

Milk 

23 

4 

5 

3 5 


Butter 

14 

85 


1 

3,500 

Peas 

75 

3 

15 

7 

500 

Lettuce 

95 

02 

3 

1 

90 

Bananas 

75 

05 

20 

1 5 

450 

Fish 

70 

8 


20 

800 


i bmte tlio cunipoaition niid Che caloiific value of any kind of food inateual viuies with the induiclu.d sample, 
Che values given above musC ho coiisidoied as lopiesentativo of the lelative amounts of the toui r lasses of food 
miitonala to bo found m some of the (ominon kinds of foods Thej aic not the lesults of any one analysis 
The unit of heat used m this table is the laige oalouo (1 Cul = 1000 oaloues) 


Review Exercises 

1 How do glucose and lexulose differ as legaids 
tlie stiuctuie ol then molecules? 

2 Desciibe two methods that can he used to 
pioduoe glucobc (in an impuie state) fiom 
staich 

3 What hapiiens to staich and sugais dining 
the digeslne pioccss'f 

4 Wliat aie tlic soiiicos, oi methods ol pioduc- 
iiig, sucinse, maltose, and lactose''* 

5 Explain tlic ehemical iiatnie ol each of the 
following com sugar, inveit sugai, dextiose, 
dextiiii, and dexLiiniaUose 

6 What IS malt''* How does it affect staich? 

7 Explain Pyioxylm, glycogen, meiceiized cot- 
ton, hgnin, pepsin, casein, peptone, ammo 
acid, and calorihc value of food 

8 Ciitioizc the lollowmg diet eggs, fish, cheese, 
lettuce, and bananas 


9 In what lespects is milk a better diet, in 
itself, than potatoes oi beel'f 

10 What weight of each of the following sub- 
stances will pioduce 2500 Caloiies (1 Cal = 
1000 calouos) milk, white biead, biittei, 
lettuce, potatoes ‘i’ 

11 What evidence mdicate.s that staich and cel- 
lulose contain hydioxyl gioupsf 

12 Caibohydiates and fats aie lioth composed 
of caibon, hvfliogen, and oxygen What aie 
some of the dilfcicnces in then stiuotuies oi 
atomic gi Clips'^ 

13 Give the names of two monosacchaiicles, 
thiee disacchaudes, and three polysacchai ides 

References for Further Reading 

(See also the lefeiences foi Chapter 37 ) 
Cellulose Pioducts (celluloid, lacqueis, nitio- 
cellulose, etc) Ind and Eng Chem , G, 90 
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OTHER NATURAL AND 
SYNTHETIC PRODUCTS 


I must tell you that I can wake urea without the 
•need of kidneys or of any animal whateier 

WOHLER IN A LETTER TO BERZELIUS 


1. Introduction 

In the preceding chapteis that dealt with 
organic compounds we have discussed from 
tune to time several synthetic products In 
this chapter we wish to describe biiefly addi- 
tional pioducts of this kind Many of these 
aie the lesults of fairly recent leseavch and 
industrial developments A few naturally 
occuirmg substances of impoitance, es- 
pecially in medicine, are included in our dis- 
cussion 

SYNTHETIC RUBBER HIGH POLYMERS 
2 High Polymers 

Many substances, some natural and some 
synthetic, owe then special piopeities to 
stmetures consisting of long chains of the 
same, and sometimes diffeient, atom-groups 
linked together to foim veiy laige molecules 
We have already mentioned relatively simple 
cases of polymerization in the discussion 
dealing with the moleciilai structuies of 
hydrogen fluoiidc (page 351) and water 
(page 126) In the foimer, (HF)2 and 
(HF)6 molecules arc produced when simple 
ITF molecules are linked together by the 
formation of co-ordinate covalent bonds be- 
tween the hydiogen atom of one molecule 
and the fluorine atom of another Water is 
polymerized by the formation of bonds be- 
tween the hydrogen and oxygen atoms of 
different molecules. 


Howevei, we refer now to much more ex- 
tensive polymouzation, m which many 
hundreds oi thousands of simple moleculai 
units aie linked together Such substances 
aie called high polymers If two difteient 
lands of units are linked together the p: oduct 
IS called a co-polymer Those produced by 
the polymerization of only one kind of unit 
aie sometimes lefeiied to as monomers 

Rubber and cellulose are natuially occur- 
rmg high polymers The so-called synthetic 
rubbeis are also high polymeis 

3. Synthetic Rubber 

The United States Bineaii of Standards 
has studied the piopeities of 29 diffeient 
“synthetic iiibbeis ’’ These aie, in geneial, 
not kinds of leal riibbei that aie synthesized 
from diffeient materials, but lubber-like 
substances that have similar piopeities and 
can be used for similai oi the same purposes 
as lubbei The pioduction of these "syn- 
thetics” in the Umted States during 1940 
was 11,000 tons, and duiing 1944-45 it 
reached almost 1,000,000 tons, owing largely 
to the gieat demands foi "synthetics” to 
replace the natural rubber that could not be 
impoi ted during the war Synthetic rubbers 
are also referred to as elastomers 

The relation of isoprene to rubber was 
discovered by studies of the substances pro- 
duced when rubber is decomposed. These 
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CaurU^y qf TJic Goodyear Tin ami Jiuhher Company 

Figure 278 Buna Type Rubber Leaving the Mixer after Initial Compounding with Other Substances 


studies indicated that rubbei is composed 
of veiy laigc molecules made up of many 
isopi ene units j oinecl together — ' polymeiized 
— as follows 

; H II ; II H ; 

-c-c=c-c-c-c=c-c- 

;h CHaii h;h ch,!! h; 


most widely used as siibslilutes lor natural 
lubber 

Buna S is the name given lo the synthetic 
lubbei that was piodiieed and used most ex- 
tensively dining Woild War 11 It is pio- 
duced by a catalyzed icaetion of di/ttine, 
CsHg, with butadiene (page 568), in which 
these two substances polynieiize togethei 
(co-polvmcuzc) to lot 111 long ehaiii-mole- 
cules as indicated below' 


We now know' that isopiene can be made to 
polymeiize, thus foiming lubbei, but the 
difficulty in pioducing synthetic lubbei by 
this piocess lies in the pioblem of making 
isoprene economically This substance can 
be made fiom tuipeiitine, fiom amyl alcohol, 
and from pentane, but none of the piocesses 
by which it can be made ai e able to compete 
successfully with natuial uibber or with 
ceitain lubbei-like mateiials made fiom 
othei compounds We shall, at this time, 
discuss a few of the mateuals that have been 
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PLASTICS 


H H H H H II 

I I 1 I I 1 

• c-c = c-c-c-c • • 

II II C II 



HG GII 

Hc ci-i 



C 

II 


In the chain othei gioup.s identical with 
those shown m the equation tic on at the 
points indicated by the dotted lines Tlu' 
butadiene used in this piocess is produced 
fiom alcohol oi fiom unsatuiated hydio- 
caibons obtained dining cracking operations 
(page 568) 

Buna N is made by the co-polymeiiza- 
tion of butadiene and aciylomtnle, PhC = 
CI-I(CN) B^Uyl uibliei is pioduced from 
butadiene and ibohutylene (page 568) 



Courtesy of du Punt Coviimny 


Figure 279 Production of Neoprene 
The synthetic rubber is being poured from 
a polymerization kettle 
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Neopiene is pioduced by the polymeriza- 
tion of a chlorine deiivative of isopiene, 
0112 = C(C1) — CH = CH 2 , nhich is pio- 
duced fiom acetylene The acetylene, in 
turn, IS made fiom limestone, coke, and 
watei This lubbei substitute possesses 
qualities that make it more desiiable for 
some purposes than natuial rubbei, for ex- 
ample, it IS not disintegiated by oils It 
can be used to pioduce many articles, in- 
cluding tires, ordinaiily made fiom natuial 
rubber, but it is more expensive than lubbei 
m peacetime and costs moic to maniifactuie 
than Buna in waitiine Neopiene is an 
Ameiican product made possible by the 
leseaich of Nieinvland and Carothers 
Thwlol IS a iiibbci substitute made fiom 
othvlenc dichlmide and the polysulhde of 
sodium 


PLASTICS 

The teim plastic is applied to any mateiial 
which, under pressiue, can be given a definite 
form or shape that is letaincd aftei the pics- 
sure is lemoved Clay, beeswax, and pitch 
are natural plastics So, too, aic the lesins 
found in the gums that exude fiom bieaks 
in the bark of ceitain tiees Because they 
icsemble plant lesins, synthetic plastic ma- 
terials aie sometimes called synthetic lesins 

Among the fiist synthetic plastics pio- 
duced were certain mateiials containing 
cellulose mtiate and acetate Celluloid 
(page 602) is a plastic of this kind These 
plastics aie softened by heat, and when they 
are in this state, they can be molded into 
any desned shape Foi this reason they aie 
classihed as theimoplashcs Othcis, when 
heated and then molded while still soft, set 
to a haid mass that does not melt oi soften 
when heated again, these aie called thermo- 
setting plastics 

4 Formaldehyde-Phenol Plastics 

Piobably the most extensile use of formalde- 
hyde at the pie-ent tune is in the iiiamifactuie 
of plastic matenals, oi synthetic resins Bakeliie 
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and liesinox are two tiacle names given to syn- phenol and foimaldehyde combine to form poly- 
tlietic plastic pioducts which aie manufactured meis as indicated below, watei molecules are le- 
iiom formaldehyde and phenol (carbolic acid) moved as shown, and phenol molecules are joined 
Foimaldehyde ancl plienol aie mixed in the pio- togethei (in tliiee-dimensional space) in large 
poition of one molecule of the foimei to two nurabeis by the caibon atoms that oiigmally 
molecules of the lattei Many molecules of belonged to molecules of lorinaldehyde. 



If the reaction is cairied out m the presence of many other purposes Molded forms and articles 

an acid catalyst and at moderately high tom- of many diffeient kinds are made fiom the syn- 

pciature, the product is a lesmous material that thetic resin to which aie added asbestos, finely 

can be softened or melted and is soluble in cei - divided oi powdered wood, and other fillers 

tain organic solvents Further treatment with These products are hard, durable, and do not 

more formaldehyde, under increased tempera- soften when heated They come from the molds 

ture, and in the presence of a basic catalyst, gives with a highly polished, glossy finish They are 

a foim of bakelite that is insoluble and does not also good electrical insulators Some of the aiti- 

soften when heated even at temperatures wheie it cles manulaotuied in tins manner are combs, 

begins to burn Both kinds of synthetic lesin pipe stems, pens, pencils, handles for brushes, 

find many uses The fusible variety is dissolved billiard balls, phonograph records, and the insu- 

in suitable solvents, and the solution is used as latiiig framework of many electrical devices, such 

a lacquer for metals When the lacqueicd metal as sockets, rheostats, switch blocks, piish-huttons, 

IS heated, the solvent evapoiates and the lacquer telcplione leceii'eis and transmitters, and many 

coating becomes haid Papei and canvas cloth automobile accessor les and pieces of equipment, 
are impiegnatcd with a siuulai solution of bake- Other plastic matenals are piodnced from 
lite When those aie heated with steam, uiidei foimaldehyde and casein (milk cuids), gelatin, 

piessuie, they become liaid Riieh materials, albumen, and urea The plastic matciial made 

when built up to include sei'eral layers, aie used fiom casein is inexpensive but it cannot be molded 

to make goais and otliei automobile paits, as a easily, and the aiticles made fiom it must receive 

substitute foi hard lubbei panel boaid, and for a final polishing 




CouTlew (\f Minmnlo Ch< mud Company 

Figure 280 Formaldehyde-Phenol Plastic 


The plastic is poured out on the cooling floor After solidifying, it is broken tip and ground to a pov/der from 

which ore molded finished plastic articles 
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Figure 281 A Group of Articles Made of Bakelite 






Cojutisi/ 11/ dll Pont (UmT)any 

Figure 283 Plastic Light Switch Plate 
This plate, made of Lucite Acrylic Resm, was 
photographed in the dark 


CniirU'iij oj dii PoiU Company 

Figure 282 The Nose of a Bomber Made From 
Lueite Acrylic Resin 



Courtesy of Rohm and Haas Compani 


Figure 284. Plexiglass Sheets Being Molded 

Thoroughly limp and flexible after being heated to a temperature of 200 F-300 F, the plexiglass sheets are 
clamped between a Masonile die-slock ring and the top flange of the vacuum pot 




FIBERS AND CLOTH 


615 


5 Vinyl Plastics 

These impoitant plastic matcnals, some- 
times called the vinyl resiiift, aic pioduced by 
the polymeiization of vinyl alcohol, 

T~1 

I 

H - G = C - IT, 

I 

OH 

or certain substances closely related to it, 
such as vinyl chloiide and vinyl acetate In 
some of these plastics, two such substances 
are co-polymeiized 

The vinyl plastics aie odorless, tasteless 
and non-poisonous They aie used m watei- 
proofing cloth, as a coating on the inside 
walls of tin cans, and as electiical insulation 
They can be used tu join sheets of dilfeicnt 
metals, and betu'ecn two sheets of glass to 
make the “safety glass” used in the wind- 
shields and Avmdows of automobiles They 
aie also used to manufuctuie cups, dishes, 
and many similai articles. 

6 Other Plastics 

The Aciylmd resins are made by the poly- 
meiization of mc'thy] methacrylate, the 
methyl ester of mc'lhyl acrylic acid, CHj = 
C(CH 3 ) - COOCIb Then plastics aie 
clear and colorless Tliey can be molded, 
sawed, and tooled They aie used to make 
lenses and piisins loi optical instruments 
Theie aie seveial le.sins in this gioiip, the 
one known by the liade name of Lucitc is 
representative ol the gioup bight intro- 
duced at one end of a lod made ol Lucitc 
istiansinilted tluough the lod and comes out 
at the othci end, although (he lod may be 
bent one oi mole times at light, angle's 

The polyslytenc plastics aie made by (he 
polymeiization of styieiie (page 610) These 
aie light, lesistant mateiials and aie iisi'd in 
the manufactuio of many articles such as 
dishes and bottles 

Phtlialic acid plastics, oi icsins, aie made 
fiom phthahe acid, (ITOOC) 2 Ci)Hi, and glyc- 
erine 01 glycol They aie sometimes refeiied 


to as (jlyptal lesins and also as alkyd resins 
111 some of tlu'in phthahe acid is loplaced by 
anothei polybasic oiganic acid 

Rnbbei , and all the so-called synthetic rubbers 
such as Ncnjirene, Buna, and Tliiokol, may be 
classified a.s plastics So, too, are ccitain sub- 
stances dcinod fioin iiibbei 
Moie and moie uses for plastics aie being found 
It IS .said that the modem airjilane of the bombei 
typo contains 120 or mine plastic paits, including 
the nose of the plane Whole airplane bodies, 
cai fendeis, fiiinituie, dooi knob.s, drinking 
glasses, spectacle lenses, cigaiette cases, ladio 
calmiets, telephone receivers, buttons, cooking 
utoiihils and moving picture films are but a few of 
the countless at tides that have been m are being 
made fiom difterent plastics 

FIBERS AND CLOTH 

Cotton and linen aie made flora vegetable 
fibers and are composed of cellulose Wool 
IS an animal fibci composed of pioteins called 



Cuurlcsu qfdii Pont Company 


Figure 285 Unloading a Shredding Machine Used 
to Prepare Cotton Linlers and Wood Pulp for the 
Manufacture of Rayon 
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Courtesy qf du Pont Company 

Figure 286 Surface of a Rayon Fabric Greatly 
Magnified 


keialins Silk, anothei animal fibei, is also 
composed of protein 

Several kinds of synthetic fibois that can 
be woven into cloth aie now widely used 
Foi example, a substitute for wool has been 
made from the pi olein found m casein 
f?ni/on and Nylon are also synthetic materials 

7 ArtiHcial S.'k 

Fiobably the most widely known kind of 
aitificial silk is Hayon It is similar to silk 
in texture and ceitain othoi physical piopei- 
tics, but unlike silk m composilion Silk is 
an animal fibei consisting of nitiogenous sub- 
stances, layon is a loim of cellulose Thcic 
are seveial piocesscs foi piodiicmg aitificial 
silk, but in all of them the essential pimciplc 
involves the foimation of a colloidal dispei- 
sion of cellulose, oi some compound made 
fiom cellulose, in a hquid The luiiiid mix- 
tiiic IS then foi cod tin oiigh small openings m 
a platinum disc oi nozzle into a bath con- 
taining a leagent which causes the cellulose 
to form again m its solid state Since the 
solution enteis the piecipitating bath in a 
small stream, the cellulose foiins a veiy 
small thread 


SYNTHETIC PRODUCTS 

Rayon is made by the viscose process Oellu- 
lose from wood pulp and from cotton is first 
cleaned and bleached , and then it is treated with 
a concentiated solution of sodium hydroxide 
It is next tieated with caibon disulfide, which 
conveits it into a gelatm-like mateiial, which 
foi ms a colloidal chspeision when mixed with a 
solution of dilute sodium hydi oxide This mix- 
tinc IS used to make the thieads, which are pie- 
cipitatcd as the liquid is foiced thiough the small 
openings of a nozzle into a bath of dilute sulfuiic 
acid and sodium bisulfate The tin eads produced 
bom one nozzle aie gatheied togethei and 
twisted into a larger thread, which is used in 
pioducing layon fabrics Cellophane is made in 
the same mannci, but the cellulose is piecipitated 
in the form of thin sheets instead of thieads. 

Another important vaiicty of artificial 
silk is produced by treating cellulose with a 
mixture of acetic acid and acetic anhydride, 
(CH3C0)20 The pioduct is cellulose tri- 
acetate, CJ-l 7 () 2 (Ac),i By partial hydrolysis 
this substance is converted into a mixture ot 
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Figure 287 Rayon Yarn 
This type of rayon is called Cordura and is used to 
make the cord of tires 
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Figure 288 Hanks of Nylon 

This form of Nylon is used to make the bristles of tooth and hair brushes 


cellulose di- and tnacetates The mixture is 
dissolved m acetone, and the solution is 
lorcod tluough small holes into a chamhei 
filled with waim an The acetone quickly 
evaporates, leaving diy threads of cellulose 
acetate, which aic then spun into laigei, 
strongei thieads to be used m making cloth 

8 Nylon 

Of the new fabiics none, with the excep- 
tion of Rayon and Cclanosc, has created 
more interesl than Nylon, a pioduct of the 


du Pont laboiatoiics Diamines, consisting 
of two amine, NPR, gioups connected by a 
chain of CIR gioups, e g , (NIis) - (CHz)^ - 
NHz, react with dibasic oigamc acids also 
of the stiaight-cham type, e g , HOOC — 
(CI-l 2 )y — COOH, to form compounds con- 
sisting of long molecules made up of alternate 
diamine and acid units Molecules of watei 
are removed, thus piovidmg the bonds that 
link the mtiogen atom of one molecule to 
the caibon of a carboxyl group of the other 
molecule 


0 


0 


II 


II 


0 


OH — C— (CI]o)y — C- 


OII 11 


-N— (CH2),-N- 


II OH 


— c- 


The different forms of Nylon depend upon melted, it is forced thiongh small openings, 
the diamine and the acid used in this icac- and thus the thread is made When the 
tion The pioduct is similai to a piotein m thieads have solidified, they are made into 
composition Aftei the Nylon has been yarn, which is woven into cloth that re- 
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Figure 289 New Uses for Nylon 


These arlicles include painl brushes, parachute harness, 
parachute shroud lines, rope for gliders, parochute cloth, 
camouflaged parachute cloth, nylon rope, bearings, car- 
buretor diaphragm, and surgical sutures 

sembleb silk both m composition and in 
piopeities It IS said to be moie durable 
and moie elastic than silk, wool, oi cotton 
Its fiist use i\as m making hosiciy, but it is 
now used to make biush bristles, stmigs lot 
tennis lackets, insulation foi eleeti ical wil- 
ing, and many other articles lormeily made 
ol natmal silk 

SUBSTANCES RELATED TO MEDICINE 

We can mention hcie only a lew ol I lie 
many sulistaiicos of mteiest and value to Ihe 
medical piofession Some of tlii'se aic of 
naliual oiigin, and some aie pioduced syn- 
thetically 

9 Alkaloids 

^[Ihiiloids aie basic nitrogenous sub- 
stances obtained fiom plants INIost of them 


are powerful drugs and many are very 
deadly poisons The salts of alkaloids with 
sulfuiic Ol hydrochloiic acid are used m 
medicine instead of the puic alkaloids Some 
of the most impoitant alkaloids aio listed m 
Table 35 Other alkaloids include caffeine 
fiom coffee and muscaiine from toadstools 

During the recent wai this countiy could 
not obtain quinine, which ivas badly needed 
for the tieatment of malaiial eases, from the 
Dutch Indies, the usual source of supply 
Reseat ch developed an elfective substitute 
called alabtme 

10 Sulfa Drugs 

The medical profession has long been 
deeply mteiested m the thscoveiy of diugs 
that can be used elfectively and safely to 
combat the bacieiia that piodiice diseases 
such as tiibcicnlosis, typhoid, pneumonia, 
eholcia, and otheis About 1935, the oi- 
gamc compound, kuljandanndc, 


H H 

C C 0 



was tound to be an elfective bactericidal 
agent especially when used against the strep- 
tococci lesponsiblo foi the condition gener- 
ally dosciibcd as “blood poisoning ” Since 
that time, many other closely i elated sub- 
stances have been piudueed, and their 
efleetivcncss as bacteiieidal agents has been 
tesled Home ol thi'in have' piovi'd moie 
elleetive (hau sullanilamide ilselt They 
aie called, in geiu'ial, tlu' HiillonaiuKlcn oi, 
moie commonly, the .siilfd diiK/.s Some ol 
the most widely used members ol this gioup 
aie hiilfopyi idmr, wliicli lias Imh'ii e/fective in 
the tieatment of pneumoiiia, tsulj'alhiazolc, 
and sulfadiazine 

11. Antibiotics 

Within the last few ycais, it has been found 
that ceitam mici o-orgamsms piodiicc sub- 
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Some Important Alkaloids 
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Alkaloid 

Source 

Quinine 

Cork of Chincona tree 

Strychnine 

Nux vomica 

Morphine 

Poppy 

Atropine 

Belladonna 

Nicotine 

Tobacco 

Cocaine 

Cocoa leaves 

Novocaine 

Synthetic 


Formula 

Use 

C20H21N2O2 

Treatment of malaria 

Hair tonics 

CsiH.jNsOa 

Tonic, stimulant 

CisHioNOs 

Produces sleep 

CitHjjNOs 

Dilates pupil of eye 

CioHhN2 

Very poisonous, insecticide 


Local anesthetic 

CuHioNiOo 

Local anesthetic 


stances that doslioy olhoi micio-oigan- 
isms, including ceitain kinds of disease- 
producing bacteiia The substances thus 
piodiicecl aie called antibiotics They aie 
also effective in the treat nient of the vuus 
types of disease The tw o 1 lest known anti- 
biotics aie pcnirilhn and stri ptumi/cin The 
foiraci IS obtained fioin a mold called penicil- 


hinn notalum Stieptoinycin is pioduced by 
a micio-oiganism found in the soil and called 
sbcplomijces gieseus It is said that it offeis 
gieat piomise foi use in tieating cases of 
tubcieiilosis It IS also used in treating 
meningitis and tulaicraia Penicillin is 
widely used m fighting many infectious dis- 
eases, especially pneumonia 
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Figure 290 Penicillin 

Penicillin Is another of the amazing new drugs used fo 
combat infections The droplets of liquid on this mold are 
rich in penicillin, which is extracted in tiny quantities after 
Intricate separation and refinement processes 


1 2. A New Insecticide 

A new insecticide, commonly known as 
DDT, has lecently received much publicity 
Its chemical name is dichloi odiphcnyltnchlo- 
loetlmne, and its lormula 1 j 


H II 

C C 



Cl-C C 


\ / 

c c 

II H 


DDT has been found very effective in 
lulling many insects that aic instiumental 
in causing oi caiiying ceitain diseases It 
kills, foi example, the malaiial mosquito, the 
louse that spieads typhus, and the common 
house fly It is also used to kill moths 
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loaches, and many other insects It is es- 
pecially useful because obiects that have 
been treated with a spiay composed of a 
solution containing it aie piotoctod against 
insects for long pciiods of tunc. 

13. Hormones 

Hormones aie substances pioduced by the 
“ductless” glands of the bod 3 ^ These substances 
pass directly into the blood Minute tiaces of 
the hormones affect biological piocesses pro- 
foundly The exact niimbei of these substances 
produced in the body is unknown The more 
we learn about them, the better we may hope to 
combat many of the diseases which impair the 
normal functions of the oigans of the body. 
Two of the hoimones have been piepaied in the 
laboratory thyroxine (CisHnOiNh) and adienahn 
(C„H,(0H)2 - CHOH - CHj - NHCHs) Thy- 
roxine IS pioduced in the body by the thryoid 
gland. A lack ot this substance causes goitei 
and cretinism, a chsease resulting in defoinuty of 
the body and impairment of tlie functions of the 
biain Although commonly regarded as a hoi- 
mone, it is not so classified by eveiy scientist of 
the biological chemical field. Adrenalin (epi- 
nephrine) is produced natuially by the adienal 
glands. It acts as a stimulant of the heait and 
lungs Insulin is also a hoimone It is produced 
in the pancreas and aids, m some way, m the 
metabolism of sugar Some of the sex hoimones 
have been produced synthetically In all, some 
ten 01 twelve hoimones have been identified 


PERFUMES 

1 4 Composition and Production of Perfumes 

Some of the substances used ni piepaimg pei- 
fiunes aie extiacted fiom floweis, otheis aie dc- 
rived from matcnals obtained tiom animals, and 
some aie piepaied synthetically The aiomatic 
compounds of floweis aie exti acted eithei by tbe 
use of organic solvents, such as alcohol, oi by 
distillation with steam The finished peifume is 
lilcely to be a blend which often contains sub- 
stances prepared synthetically The aromatic 
substances are sold and used as alcoholic solu- 
tions Attar of roses is piepared by the steam 
distillation of rose petals From 30,000 to 50,000 
roses are used to prepare an ounce of the oil, 
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wluch separates as a distinct layer from the water 
of the distillate The pimcipal ingiedients of 
attai of roses aie plien 3 d ethyl alcohol, CbHj — 
CHn-CHjOH, and geianiol, an un.satuiaterl 
alcohol 

Phenyl ethyl alcohol can be pioduced in tlic 
laboiatory and is often used to make lose watei 
and the cheapei grades of rose pei fumes 
Two of the most valued substances of the pei- 
fume mdu.stry are )nusk and ambergris Musk is 
obtained fiom tlie musk ox, which lives m the 
Himalaya Mountains, and ambergus is a secre- 
tion winch is found in the intestines of speim 
whales Synthetic musks are produced 
The perfumes of flowers and fiuits belong to 
many classes of oiganic compounds Oil of win- 
tergiecn, foi example, is an ester of methyl al- 
cohol and salicylic acid, and banana oil is amyl 
acetate, winch is also an ester Oi ange and lemon 
oils contain teipene.s, winch are aromatic hydro- 
caibons Geiamums, citionella, attai of roses, 
and apples owe then fragiance in part to 
gciamol, an unsaturated alcohol 

(CHsl^C = CH - CH. - Clio - 0(011,) =. 
OH - CHiOH 

Other aiomatic substances are ketones, phenols, 
and aldehydes 

The pioduction of synthetic pei fumes has re- 
quired long penocls of reseaich, involving the 
determination of the composition of the natural 
substances, the determination of the stmotuial 
foiraula of each component, and, finally, the 
blending of the synthetically prepaied substances 
m the collect pioportions to imitate the natuial 
fragiance as closely as possible The fiuits of 
these extensive lesearches have sometimes iin- 
pioved upon natiiie, giving pei fumes that cannot 
be found m an}? fuut oi flowei And at the same 
time, many of natuie's most highly valued odois 
have been success! ully imitated Among these 
aie the fiagiaiices of the lo.se, lily of the valley, 
heliotiopo, narci.ssus, and violet Hmulai suc- 
cesses have been attained in the pioduction of 
synthetic llavois, such as vanilla 

DYES AND DYEING 

15. Dyes 

Until about the middle of the nineteenth 
century, dyes were obtained from natural 
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sources Indigo was produced fiom the 
mdigo plant, alizaun, a led dye, was ob- 
tained fiom the loots of maddei, and othei 
colonng materials were obtained from plants, 
and a few, including cochineal and Tynan 
puiple, came from animals The hist syn- 
thetic dye was made, quite by accident, in 
1856 by William Heniy Pei km Perkin had 
set out to synthesize the diug quinine In 
the couise of his expeiiments he tieatcd ani- 
line with an oxidizing agent, chiomic acid 



T his founula was established by Baeyer, a 
Gciman choniist, in 1884 The successful 
synthesis of indigo on a large scale icciuired 
almost twenty yeais of investigation and 
cost seveial million dollais At last, the 
piocess was successfully completed, and it 
soon leplaced the production of indigo fiom 
plants winch wcie cultivated m India and 
elsewheie 

The suocesslul synthesis of incligo shows the 
method used m the icscaich laboiatoiy to solve 
a pioblem ol this kind Past, the foimula was 
deteiiniiied This showetl the stnictuie of the 
molecule — the lands ol atoms involved and the 
manner in which they weie aiianged m the mole- 
cule The piolilem then lieoame one of hnchng 
the piopei hubstanees horn which mdigo could 
be made — substances that contained the neccs- 
saiy atoms ananged in such a mannci that they 
would fit togethci, oi otlienvisc leact with each 
othei, to make the stiuctuic leqiuied loi a mole- 
cule of indigu 

At the time oi the outbicak of Woild Wai 1, 
111 1914, Oeiman dye mamifactuieis had acquired 
almost complete monopoly of the indigo maiket 
and, also, the maiket of other synthetic dyes and 
diugb as well Befoie the wai of 1914-18, the 
United States depended almost entiicly upon 
the Gciman dye industry foi dyestuffs The m- 
diistiy has developed very lapidly in this coun- 


Tho lesult was not the substance he had 
hoped to piodiice but a violet-coloied com- 
pound, which Pei km lecogmzcd as a possible 
dyestuff He named his dye mauve Othei 
synthetic dyes wcie soon pioduced Among 
these was alizarin, which was synthesized 
fiom anthiacene 

One of the gieatest triumphs was the 
synthesis of indigo The stiuctural foim 
of mdigo had fiist to be determined This 
was found to be 



tiy, howevei, since 1918 and, at thepiesent time, 
wo manufactiuo alinuht all the dyes that we use 
kfoie than 2000 dyes have been &ynthesi?,ed 
The shades and coloi s ol these substances depend 
upon the piosenoe and position of ceitain gioups 
of atoms in the molecule These are called 
ihromophore groups A few of the most comraon 
chiomophoie gioups aie — NOa = (nitro), — N = 
N — (azo) and = <=> = (quinoid) There ai e 
not many of these groups, and each of them is 
found in many diffeient dyes While a chemical 
classification of dyes is of theoietioal inteiest and 
value, it requiies a moie detailed knowledge of 
organic chemistiy than is obtained in a fiist-yeai 
couise m chemistiy A classification based upon 
methods of applying different dyes to cloth will 
be given m the next section 
klany dyes are used as indicators The struc- 
tuies of phenolphthalem and methyl oiaiige aie 



plienol phtliiilem 
(in pieseiice of bufie) 

(In these lUitl in that of mdigo (above) the carbon 

atoms and attached UjdioKGua at tlie comers of the he'cagons 
hiv\ e been omitted ) 
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SO^ONa N(CH3)2 

methyl oiaiige 

Ciybtal violet, gowii, fuehsin, and Bismaiek 
blown aie examples of dyes used in staining bio- 
logical specimens foi micinscopical examinations 
Seveial dyes, including gentian \ inlet, methylene 
blue, and malacliitc gi een, are used as antiseptics 

1 6 Classification of Dyes 
Dyes can be classified accoiding to the 
methods used in applying them to mateiials 
The classification that a?o give below is a 
veiy gencial one The methods of applica- 
tion chffei oonsideialily, depending upon the 
chemical nature ol both the dye and the 
mateiial to be dyed 

Direct Dyes A dnect dye is one that is 
attracted and held eithei m chemical com- 
bination or mechanically by the mateiial to 
he dyed Most of these dyes aie acids or 
bases The cloth to be dyed is immeised m 
a solution containing a salt of the dye If 
the dye is an acid, this solution also contains 
acetic or dilute sulluiic acid to release the 
dye fiom its salt II the dye is basic m 
natuie, the solution contains a salt of the 
dye and a base This method of dyeing is 
widely used in the coloiing of silk and wool 
Aminal fibeis appeal to nndeigo hydiolysis 
m watei, forming acid and basic sulistanccs 
which then may lead nith the dye 

Vat Dyes These dyes aie not soluble in 
watei To apply them to cloth, thev must 
hist be convcited into substances that aie 
solnhle This change is, oidmaiily, a leac- 
tion m nhich the dve is leduced to a “leuco” 
compound Tlie cloth is impi egnaled with a 
solution of this compound, usually in the 
piesoncc of an alkali The “leuco” com- 
pound IS then oxidized to foim the dye 
which, since it is not soluble, is piecipitated 
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on and in the fibers ot the cloth Indigo is a 
vat dye 

Developed Dyes Some dyes are made, or 
developed, diiectly on the cloth The cloth 
is fiist impiegnated with one leactant and 
then tteated with another substance which 
mil react with the fiist to make the dye 
The dye piodiiced must, of com so, be insol- 
uble if a “last” color is to be obtained 
Moidant Dyes To pioducc “fast” colors, 
many dyes must be used with a Mordant 
This IS especially tine when these dyes are 
used to eoloi cotton oi linen The use of a 
moidant is illustiatecl by the following ex- 
ample in vhich aluminum hydi oxide selves 
to hold the dyesLuff m pcimanent combina- 
tion upon cotton The clotli is soaked in a 
solution of alummum acetafe, vhich i caddy 
hycliolyzes to loan msohible aluminum hy- 
di oxide This reaction is favoied by expos- 
ing the cloth, -which has liccn soaked in a 
solid ion of the salt, to steam The alumi- 
num hydroxide is foimcd thioughout the 
cloth anil is held by the cotton threads and 
fibeis The cloth is now dipped into a bath 
containing the dye, which is adsoibed oi 
chemically piecipilaled by the aluminum 
hvdioxide The attachment of the dye and 
the hyrh oxide is peiniancnt and con.se- 
qiicntly the coloi of the cloth is made “fast ” 
11 the aluminum hydi oxide is piecipitated in 
a solution of the dye, it adsoi bs the coloring 
mattei and foims a highly coloied precipi- 
tate, called a lake The common moidants 
include the .salts of aluminum and iron, 
taitai emetic, tannic acid, and potassium 
dichi ornate 

Review Exercises 

1 To what kmils ot compounds do the tcims 
jxili/mc) ,hi(jh poUjmci ami ca-jiolymo apply? 

2 Ihoiu what oigaiuc coinpounds aie Buna S 
and iieopiene produced? 

3 Defanc, identify oi explain the meaning of the 
lollowing butadiene, ela.stomei, isopiene, 
styicne 

4 What piopoity do all those substances called 
plastics possess? 
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5 J)istingui&h between thei moplasticb and tlier- 
inoHettmg plahticb 

6 Enumeiate home of the important gioups of 
synthetic plastics and name the substances oi 
kinds of substances used to make them 

7 How do cotton and wool diller in compoM- 
tion? 

8 Desciibe the process by which Rayon ispio- 
diiced What is the chemical natiiie of 
Rayon? 

9 What aic cellulose tiiacetate, cellophane, 
keiatin, atabiine, nicotine, quinine, and 
siilfamlamidei* 

10 What lands of substances are used to produce 
Nylon^* Why can it be said that Nylon moie 
closely lesembles natuial silk, in composition, 
than does Rayon'' 

11 What IS an antibiotic'’ Name two. 

12 Many synthetic dyestuffs aie sometimes clas- 
sified as coal tai dyes Why is this teim 
appiopiiatei' 

13 Classify dyes according to the methods used 
in applying them to cloth. 

14 The statement is sometimes made that lime- 
stone and coal are raw materials used in the 
production ot at least one kind of synthetic 
rubber Is this statement true? Explain 

15 In what way was petroleum related to the 
piodiictioii of synthetic iiibbei dining the 
iccent wai'^ 
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ENERGY IN CHEMICAL CHANGE 

Caloric (lietii), on the supposition of it being ma- 
terial, IS a iiihtilc fluid, the pat tides of which repel 
one another, but are atiraited bp idl othei substances 

TUllNEll, 1828 


1. Introduclion 

Pieviously, we have discua&ed on seveial 
occasions the impoitance of eneigy in chemi- 
cal leactions In one of the early chapters, 
for example, we learned that no leaction 
ocems without the libeiation or the absoip- 
tion of energy in some foim, usually as heat, 
and hence we have classified (page 151) re- 
actions that libeiate heat as exotheimic and 
those that absoib heat as endotheimic 
Numerous examples of the effect of heat 
upon leacting systems and upon then states 
of equilibrium have been met in our studies 
of the pioduction of ammonia, nitric acid, 
sulfuiic acid, and other substances of com- 
mercial impoi tance N umei ous illusti ations 
of the use of electiical cncigy m the pioduc- 
tion of substances by electiolysis (page 110) 
01 as a source of heat energy in the electric 
furnace (page 3C8) have also been desciibed 
We have studied, also, the liberation of 
eneigy fiom ladioactive elements, eithei as 
gamma lays oi as the kinetic eneigy pos- 
sessed by swiftly moving beta and alpha 
paiticles Eveiywhcie, m fact, thioughout 
oui study of chemistiy we have found eneigv 
occupying a position of impoitance, second 
only to that of mattei 

So impoitant is the subject of eneigy to 
the chemist that no tieatment of the subject 
of chemistiy can be consideied complete 
without a chaptei devoted to the eneigy of 
chemical change This subject is paiticu- 
laily impoitant in connection with the 
metals with which the closing chaptcis of 


this book deal Not only aie electiical 
eneigy and heat eneigy extiemely im- 
poitant in the pioduction of the metals fiom 
then 01 es, but the metals themselves, or cei- 
tain of their compounds, aic depended upon 
to pioduce electiical oneigv in electiochemi- 
cal cells and battei les Let us hist, howevei , 
considei the heal eneigy involved in chemical 
changes 

2 Energy Changes in Reactions 

The energy absoibed oi libeiated during 
a chemical reaction icpiescnts the difference 
between the eneigy content of the icacting 
substances as compared with the energy 
content of the pioducts ol tlie reaction 
Eneigy is icleased when the energy content 
of the pioducts is smaller than that of the 
icacting substances But il the reactants 
contain less energy than the juoducts, the 
leaction can occur only when and il the 
additional eneigy is absoibed fiom the sui- 
loundings, oi is supplied in some way liom 
an outside soiiice 

Sometimes oui chief concern in a leaction 
IS not w'hat substances if may luoducc' but 
the kind and quantity of eneigy that it hb- 
eiates In Inirnmg coal anti wood as fuels, 
we are not intciested in the caibon dioxide 
and w'atci that aie piodiiced m the combus- 
tion, in fact, w'e do eveiy thing we can to 
facilitate then escape We may have some 
interest m the ash, but only because it rcpie- 
sents a poition of the fuel that we cannot use 
to hbeiate eneigy We aie concerned, pii- 
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manly, with the quantity of eneigy that can 
he 1 elcased when a definite weight of the fuel 
IS burned So impoitant is this question 
that we judge the value of a sample of coal 
largely by its calonfic value (page 290) 
Likewise, we aic inteicsted, not in the prod- 
ucts of the chemical changes that occm in a 
stoiage batteiy, oi other typos of electro- 
chemical cells, but in the electrical eneigy 
output of these colls In othei cases, it is 
impoitant that ue know, oi be able to de- 
teimme, the eneigy that must be absorbed 
befoie the leaetion can occiu, for eneigy is 
expensive, as expensive as mattei’, and the 
amount of eneigy rcqiuied to cany out a 
piocess must be as sciiously consideied as 
the cost of the law matciials used in the 
piocesb The study of the heat changes ac- 
companying chemical loactions furnishes in- 
foiination about the leaction itself, and often 
gives valuable clues as to the exact natiiie 
of the changes that oceui m the dilfeient 
paits of tliG icactmg system 

The heal of a wacliori is expiessed as the 
uumbei of caloues liberated or absorbed m 
the pioducLion of the numbei of gram- 
moleciilai weights of tlie products indicated 
in the equation for the reaction It is calcu- 
lated for a constant tompeiatiire, that is, 
for a tempeiaturc of the products that is the 
same as the temperatuie of the initial state 
of the system 

3. Measuring the Heat of a Reaction 

A calonmela is used to measuic the heat 
absorbed oi hbciated by chemical reactions 
This iiistiumcnt consists essentially of a 
vessel in which the reaction is cairied out, 
and which is caicfully insulated to prevent 
heat exchanges with the suiioundmgs 
Tile vessel may be a glass flask with double 
walls, the space between the walls is evacu- 
ated to provide insulation The covei is 
made of some substance that also acts as an 
insulatoi It is perfoiated to take an accu- 
late theimometer, a tube thiough which the 
reactants can be added, and a stiiier A 
simple caloiinieter for elementary expeii- 
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ments can be constructed by placing a beakei 
upon coiks Within a larger beaker and pro- 
viding an insulating cover 
To determine the heat of the reaction be- 
tween a solution of sodium hydroxide and 
hydioehloric acid, for example, measuied 
volumes of the two solutions, which must be 
of known concentiations, aie poured thiough 
the tube into the inside vessel of the calo- 
iiinetei The tempeiatuie of the two solu- 
tions should be known, and for convenience 
they should be the same, before they are 
mixed in the ealoiimetei The stiiicr is 
started and the milximum temperatuie 
reached by the leactmg mixture is noted 
The use in tempeiaturc is multiplied by the 
heat capacity of the solution and the heat 
capacity of the caloiimetoi (expiessed m 
calories pei degree of tempeiatuie) to do- 
teimme the heat of the leaclion m terms of 
the numbci of caloiies libeiated 

4. The Bomb Calorimeter 
In tile bomb type ot calonmetei, which is 
used in dctei mining the calonfic value of fuels, a 
bomb made of stioiig steel is used as the inside 
vessel Ihe bomb is lined with an alloy that is 
lesihlaiit to chemical action, and it is fitted with 
a tight sciow-cap oovei The sample whose 
calonfic value is to be detei mined is placed m 
a small platinum cu]i (Figuie 291), and a small 
non wile is embedded in the chaige The wiie is 
connected to the teiminals of the elcctncaf oii- 
cuit on the covei of the bomb Oxygen, iinclei 
piessuie, is foiced into the bomb thiough a valve 
at the top, and the bomb is then completely im- 
meised m a definite quantity of watei m a well 
insulated outei veesel A thoimometei foi the 
measiuement of tempeiatuie changes and a 
still ei aie suspended in the outei vessel The 
electneal ciiouit is then closed, wheieupon the 
non wiie becomes hot enough to ignite the sample 
Combustion pioceeds lapidly in the piesence of 
the compressed oxygen, and the heat is absorbed 
largely by the water, which consequently undei- 
goes a use m tempeiatuie Some of the heat is 
also used to raise the tempeiatuie of the bomb, 
the btiiiei, the walls of the outnde vessel, and 
other paits of the appaiatus to the same tempeia- 
tuie that the water attains The quantity of 
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for example, than is required to decompose 



Figure 291 A Calorimeter 


heat liberated by the combustion is calculated 
upon the basis that one caloiie lai&es the tcin- 
[leiature of one gram of water one dogiee Centi- 
giade Fiom the specific heats and weights of the 
materials m the apparatus, a collection is made 
for the heat which they absorb This is added to 
the heat absorbed by the water in finding the 
total heat of the leaction 
In expressing the caloiific value of fuels, and 
sometimes m industiial piactice involving othei 
reactions, the Biitish thermal unit (B T U ) is 
used as the unit of heat, instead of the calorie 
This unit lepiesents the quantity ot heat which is 
required to laise the temperatuie of one pound 
of watei one degree Talnenheit This quantity of 
heat IS equal to 262 caloues 

5 Thermochemical Equations 
Since energy changes always accompany 
chemical reactions, the quantity of energy 
involved is as important a part of a chemical 
equation as the number of molecules of the 
leactants In many reactions the encigy 
changes aie of no great concern to the chem- 
ist, and the number of caloues hbeiatcd or 
absorbed is not indicated In other cases, 
however, the eneigy may be of as much im- 
poitance as the weights of the reacting sub- 
stances, and foi such leactions theimoUiemi- 
cal equations aie wiitten If there can be 
any doubt concerning the physical states of 
the reacting substances and the products, 
these states should be indicated in the 
equation hloie eneigy is required to de- 
compose a definite weight of liquid watei, 


the same weight of watei which has already 
been converted into the gaseous state The 
decomposition of liquid water is shown, 
theiefoie, by the following equation 

2 HaO (liq ) — >- 2 Tia H- O 2 - 136,800 cal 

Throughout oui discussion of the chem- 
istry of the elements and their compounds, 
we have found many reasons to -wiite equa- 
tions of this kind There is nothing that we 
need to add about them at this time, except 
to say that theimochemical equations may 
be added and subti acted to calculate the 
heats of reactions that have not been studied, 
or to find the heats of formations (from their 
elements) of compounds that are not foi med 
by the dnect combination of the elements 
As an illustiation ot such calculations, let 
us take the detei mination of the heat of 
formation of hydrogen peroxide fiom hydro- 
gen and oxygen The direct synthesis of 
this compound fiom the two elements is not 
possible, but we may calculate the heat of 
this leaction as follows We know the quan- 
tity of heat liberated when two giam-moloc- 
ulai weights of hydrogen pci oxide (in dilute 
solution) decompose 

(1) 2 H 2 O, y 2 I-hO + O 2 + 46,120 cal 

We also know the heat of foimation of water, 
when this substance is synthesized fiom the 
elements 

12) 2 Hz -H O 2 y 2 H.O (hq ) -t- 136,800 cal 

Wc may now wiite the following equation in 
which the W'atci is cliinmatcd liy subtiacting 
(1) fiom (2) 

(3) 2 IT, -t- 0, - 2 ir,( ), y -(), + 90, 680 cal 

This equation may also be wiiLLeii in the 
following foi in 

(4) 2 H 2 + 2 O, y 2 TbOo -|- 90,680 oal 

The heat of formation of hydrogen peroxide 
(m dilute solution) is shown to be 45,340 
caloues pel giam-molcculai weight 
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6 The Free Energy of Substances and the Free 
Energy Changes of Reactions 

Every substance is a stoi chouse of eneigy, 
and the quantity of energy that each sub- 
stance possesses pei unit of mass is definite 
at a definite temperatuie This cneigy ap- 
pears to be intimately i elated to the chemi- 
cal piopeities of the substance In consid- 
eiing chemical leactions, howevei, it is not 
the eneigics of the leactmg substances that 
aie impoitant, it is the change in energy 
that accompanies the change of the leactmg 
substances into the pioducts of the reaction 
For every reaction — 'that occuis without 
being forced to do so by oneigy from an 
outside souice — theic appeals to be a 
diivmg foice that determines the tendency 
of the substances to leact For some sub- 
stances this diiving loice is stiong, foi otheis 
it IS weak Thus, thcio is evidently a stiong 
diivmg foice that detei mines the tendency 
of hydiogen and chloime to combine, of 
timitiotolucnc to decompose, and of sodium 
to react with watei Theie is a weaker foice 
causing caibon to combine with oxygen, non 
to rust, and hydrogen to combine with nitro- 
gen to foim ammonia Foi some reactions 
them appeals to bo no diiving foice at all, 
such leactions, theiefoie, do not occui spon- 
taneously Fm a given leaction the diivmg 
foice deteimmes the equilibiium constant of 
that leaction If the driving force is stiong, 
the leaction mil be mom ncaily completed, 
and the equihbiium constant will be laiger 
than it the diiving force is smaller If the 
diivmg toicc IS veiy weak, the equihbiiura 
constant will be almost zeio 
This same driving force is also a measuie 
of the amount ol wot k that the reaction can 
be made to do, the greatei the driving loice, 
the greater is the amount of work We 
understand, of course, that a reaction for 
which the diivmg force is strong will occur 
whethei the work is pci formed oi not, it no 
work is done, the energy that might have 
been used to perform woik is converted into 
heat Let us consider the reaction between 
a strip of zinc and the cupric ions in a solu- 


tion of cupiic sulfate If the zinc is im- 
mersed in the solution, it dissolves and cupiic 
ions aie changed mto metallic copper No 
useful work is done by the leaction that is 
carried out under these conditions, but the 
driving force of the reaction has been 
utilized, and the capacity of the system to 
react has been decreased Now if the 
zinc IS placed in one beaker along with a 
solution of zinc sulfate, and the solution of 
cupiic sulfate is placed in a second bealcei, 
the same reaction as bctoie can be made to 
occui but the reactants will not be m contact 
directly To complete the aiiangements 
that arc necessary for the reaction a coppei 
wire IS dipped into the solution of cupiic 
sulfate, and the other end is connected to 
the stiip of zinc The two solutions are con- 
nected with an inverted U tube filled with a 
solution of sodium chloride, this tube is 
necessary to complete the electiical connec- 
tions between the two electrodes, coppei and 
zinc As the zinc dissolves at one electrode 
and coppei is deposited at the other, a cui- 
lent of electricity flows thioiigh the wiie, 
this current represents electrical energy that 
can be made to do woik 
It appeals, therefoie, that the most satis- 
factory measuie of the driving force of a 
reaction is the work that can be obtained 
from the reaction, oi better still, the energy 
that ts liberated by the reaction at constant tem- 
peratute and pleasure, and that can he con- 
veited into woik if suitable mechanisms for its 
uUhzaUun are piovuled This eneigy is the 
fiec eneigy change of the reaction We as- 
sume that the substances at the beginning 
of the leaction possess defmite quantities ol 
flee eneigy, as do the substances produced 
by the reaction We have no means, how- 
ever, of measuring these quantities, the ab- 
solute flee eneigies of different substances 
All that we can measure is the change in free 
energy of the entire system as the reaction occurs 
The chemist is interested in fiee energy 
changes because tlus information helps him 
to detei mine the possibilities of a chemical 
reaction, how nearly complete it will be, 
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how much product he can prepare from a 
given amount of the starting materials, and 
so on 

For some reactions, the free eneigy change 
is approximately the same as the heat of the 
reaction (Table 36) In the reactions lead- 
ing to the formation of some compounds, the 
tiee energy change is gi eater than the heat 
hlierated If this is the case, the difference 
must be absorbed from the suiioundings, 
which consequently become coldei If the 
heat of the leaction corresponds to a larger 
amount of energy than the free energy 
change, a ceitam amount of heat will be 
given up to the surroundings This heat, of 
CQUise, cannot be used to perform work All 
information of this kind is of value to the 
chemist in detcimimng just what may be 
expected of a given reaction, most important 
of all, it teUs him whether oi not a given 
reaction can bo used for his purposes 

TABLE 36 


Free Energy Changes and Heats of Formation * 



Free Energy 

Heat of 

Compound 

Change 

Formation 


(gram calories per gram- 1 


molecular weight at 25°) I 

Ammonia (gas) 

-1- 3,910 

d- 1 0,950 

Carbon dioxide (gas) 

-h 94,260 

d- 94,400 

Carbon monoxide (gas) + 32,510 

d- 26,400 

Hydrogen sulfide (gas 

) d- 7,840 

d- 5,260 

Nitric oxide (gas) 

- 20,850 

- 21,500 

Water (vapor) 

d- 54,507 

d- 57,800 


The letithons invoho the foimation of the com- 
pounds fjom then elements A negative value indi- 
cates that eneigy is absoi bed duiing the reartion 


7 Energy of Activation 

Both the change in free eneigy and the 
heat of the reaction by which natei is pio- 
duced fioni its elements are lelatively large 
Why, then, do hydiogen and oxygen not 
combine icadily and immediately at oidi- 
nary temperature''* We touched upon this 
subject lightly on page 419 Befoie hydro- 
gen and oxygen can react, then molecules 
must be broken up , that is, the bonds unit- 
ing the atoms of the diatomic molecules, Hs 


and Os, must be broken When these 
changes have occurred, the atoms may then 
combine to form molecules of water in which 
atoms of hydrogen and atoms of oxygen 
share elections In the beginning, under 
ordinary conditions, there is no energy 
available to sever the bonds between atoms 
of the free elements When the leaetion 
once starts, the energy leleased when atoms 
of hydiogen and oxygen combine will be 
sufficient to bieak the bonds between atoms 
of Hs and Os — • and moic, too, because some 
IS left over to appear as heat To start the 
reaction, additional energy must be given 
to the atoms or molecules so that they may 
be changed into the state that is necessary, 
if they are to form molecules of water This 
additional energy is called the activation 
eneigy of the reactants Substances may be 
activated — the additional energy required 
may be supplied — by an mcieaso in tem- 
perature which lesults in collisions that aie 
more effective in brealang bonds The ad- 
dition of eneigy may also make valence 
electrons moie readily available foi tiansfeis 
to other atoms oi for foimmg shaied electron 
pans with other atoms, because, when energy 
IS absorbed, then eleeti ons are displaced from 
then normal energy levels and shifted to 
higher levels where they are faithei removed 
from the nucleus and where, consequently, 
they are less completely uiidei the influence 
of the nucleus of their paient atom Thus, 
in some instances, heat may completely 
remove one or more elections fioin an atom, 
thus pioducmg a positive ion Eneigy of ac- 
tivation may also be supplied by ladiations, 
such as light or X-iays, or it may bo supplied 
by bombaiding atoms and molecules of the 
leactants with lapidly moving alpha and 
beta particles or other siib-rnoleculai bits of 
matter Naturally, the energy of activation 
differs foi different substances 

ELECTROCHEMICAL CELLS 
8. Electrical Units 

We have described the passage of electricity 
through a conductor as a condition produced by 


I 
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the flow of elections (page 110) There is a 
certain degree ol resistance that each oonductoi 
nffeis to this flow of elections The unit of re- 
sistance IS the okm, which is defined as the le- 
sistance (at 0°) of a column of metcniy 106 300 
cm long and weighing 14 4521 g Elections 
move thiough a conductor from a region of 
high electiical potential to one ot lowei poten- 
tial at a rate pioportioual to the diffeience in 
potential The difference of potential is also 
called the electromotive force The unit of dilfei- 
ence of potential is the volt, which is defined as the 
difference of potential lequiied to cause a cm lent 
of one ampere to pass thiough a conductoi whose 
resistance is one ohm The ampere is the unit 
of the cuiient’s stiength A cm tent ol one 
ampere will deposit 0 0011180 g, oi 0 00001006 
giara-atomic weight, of silvei pei second m the 
electrolysis oi a solution containing silvei ions 
The quantity of electricity that flows through a 
oonductoi is etiual to the pioductof the cun cut 
stiength by the time in seconds The unit of 
quantity is the < oiilomh 

Coulombs = Ampeies X Seconds 

The cm lent stiength, diffeience of potential, and 
lesistance aie iclated as follows 


C (in ampei es) = 


E (in Nolts) 
R (in ohms) 


The quantity of energy associated with the passage 
ot electiicity thiough a conductor depends upon 
the quantity oi electiicity and the voltage (in- 
tensity) The unit of eleclmaL enetgy is thejoiik, 
which IS dehned as the pioduct of one coulomb by 
one volt 

Joules = Coulombs X Volts 


upon the meaouiemeat of the electiomotive 
foice (voltage) which is pioduced m an 
elect! ochemical cell oi battery in which the 
leaction is cai i led out Foi electi ical eneigy, 
the electiomotive force is a measure of the 
intensity and theieloie of the availability of 
the energy foi the peifoimance of woik, 
just as tempeiatuie is the intensity factoi toi 
theimal energy The electiomotive foice 
which can be pioduced by means of a reac- 
tion, at a given tempeiatuie, is diiectly pro- 
poitioiial to the fiee eneigy change ot the 
leaction at that temperatuie If the con- 
veision ol the hee eneigy change of the re- 
action into electiical eneigy is complete 

Flee energy change = electrical eneigy = 

volts X coulombs 

Many o\idation-i eduction reactions that 
hbeiate eneigy and that pioceed by them- 
selves — spontaneously — can be used to 
pioduce an electric cm lent, provided it is 
possible for the leaclion to occur when the 
substances aie not diiectly in contact Oxida- 
tion must occm at one electi ode, and i educ- 
tion at the other, so that elections will flow 
thiough a wire connecting the two Some 
reactions cannot be used in this manner to 
pioduce a curient, the oxidation of carbon by 
oxygen, foi example, occuis only when the 
tivo substances aie diiectly in contact with 
each other 

1 0. Production of Electrical Energy by Means 
of Oxidation-Reduction Reactions 


Electrical powei lefers to the late at wlucli cloc- 
tiical eneigy is made available and used Tlie 
amt of powci 's flie watt, wlucli is dehned a-, one 
joule ])oi second ol one volt-aiujicu' 

Watts = Amiieies X Volts 

One hoiso-power is ecpuvaleiit to 746 watts The 
kilowatt IS 1000 watts, and the kilowalt-howr is one 
kilowatt toi one lioui, oi 3,b00,000 joules 

9 Measuring the Free Energy Changes of 
Reactions 

The most rehablc method of determining 
the fice energy change of a reaction depends 


Let us consider the simplest possible kind 
of an oxidation-i eduction reaction, the 
diicct combination of two elements For the 
two elements, let us select chlorine and zme 
When metallic zinc is placed in a vessel failed 
with chloiine oi is immeised in watei sat- 
mated with chloiine, zme is oxidized and 
chloime is i educed This leaotion involves 
a transfei of two elections fiom a zinc atom 
to two chloiine atoms, each chloiine atom 
accepting one electron 

Zn — y Zn^ + 2 electrons 
Cla + 2 electrons — y 2 Cl~ 
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Now the free energy change of this reaction 
IS positive; theiefoie, the leaction occurs 
spontaneously If it is caiiied out as we 
have described — ^that is, if the zinc and 
chlorine are in contact with each othei — 
the total fiee energy change, which repre- 
sents the maximum work that the reaction 
can do, is converted into heat, which is 
absorbed by the solution, the container, and 
eventually by the surroundings of the con- 
tainer 

Strange as it may seem, the reaction be- 
tween zinc and chlorine can be carried out 
under conditions so that the two elements 
aie not in contact with each othei Only 
under these conditions is it possible to con- 
vcit any of the energy, which is otherwise 
liberated as heat, into a useful foim such 
as electricity To show how the leaction 
between zinc and chlorine occurs when these 
elements aie not in contact, let us place a 
solution of some mactive clectiolyie in each 
of two beakers Sodium chloiide scives this 
puipose veiy well since it leacts with neither 
zinc noi chloiine and at the same time foims 
a solution of excellent conducting piopeities 
A small glass tube bent into the foim of the 
lettei U, is also filled with the salt solution 
and IS used as a conducting bridge (Figure 
292) between the solutions m the two beak- 
ers Into one of the solutions we now place a 
graphite olectiode, and the solution itself is 
saturated with chlorine A giaphitc elec- 
trode IS selected because it is not acted upon 
by chlorine. We place a zinc rod or strip m 
the other solution, and connect this by 
means ot a wire (coppei) to the giaphite 


electrode We now have a simple elecLro- 
chemical cell, which may be used as a souice 
of an electrical cm rent At the surface of 
the zinc, atoms of this element pass into the 
solution as zinc ions (Zn++), leaving two 
electrons, per atom, upon this electrode 
The zinc becomes, therefore, the negative 
pole of the cell At the graphite electrode, 
chloime molecules are conveitcd into chlo- 
iide ions by removing two electrons, pei 
molecule, from this electiode, which conse- 
quently becomes positively chaiged Now 
elections will flow out of the zinc through 
the wire and into the graphite, where they 
are, in turn, removed by the formation of the 
chloi ide ions from fi ee chloi me The floAv of 
electrons thiough the wire connecting the 
zinc and the giaphitc constitutes an electii- 
cal current, which can be made to do useful 
woik When caniod out m this mannei, 
much less heat is liberated by the leaction 
as can be shown by obseiving the temper a- 
tuie attained in the solution, if, of course, 
some of the fiee energy is converted into 
electrical eneigy, there is less to appear as 
heat 

The elections flow oi move, of course, from 
the negative pole — ivhere theie is a gieatei 
concentiation of them — to the positive 
pole — Avheie there are fewei Accoiding to 
an old convention, oiiginating long befoie 
electrons weie known, the cuiient was as- 
sumed to flow fiom the positive to the nega- 
tive pole This convention is still sometimes 
used 

The function of the electiolyte in the cell de- 
scribed above, is to complete the electrical circuit 



Figure 292 An Electrochemical Cell Bated 


upon the Reaction Zn -p Cb Zn++ 2 Cr 
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by making the liquid medium between the two 
poles of the cell a conductor. The tube serves as 
a conducting bridge by allowing the ions to im- 
grate through the solution, the chloiide ions mi- 
giate toward the graphite (positive) electrode, and 
the sodium ions migrate toward the zinc (nega- 
tive) electiode. At the same time the tube pre- 
vents the chlorine and the zinc fiom coming in 
contact and reacting directly, as they would il 
both weie placed m the same beakei 

Other types of oxidation-reduction leac- 
tions can be used in similar cells to piodiice 
electrical energy. We might use chloime m 
one half of the cell and a solution of ferrous 
sulfate (FcSOi) in the othei, with small 
pieces of platinum foil serving as the elec- 
trodes This reaction involves the convei- 
sion of feirous ion (Fe"^) into ferric ion 
(Fe‘^), each ferrous ion giving up one 
electron to the electiode with which its solu- 
tion is in contact At the other electrode 
chloune molecules are changed into chloride 
ions as before 

11. Equilibrium Between a Metal and 0 Solu- 
tion of Its Ions 

Let us consider a strip of zme in contact 
with a solution containing zinc 10ns Two 
opposing leacLions are now possible. The 
atoms of zinc may pass fiom the strip of 
metal into the solution as zinc ions 

Zn — >■ Zn"*^ + 2 elections. 

The zme 10ns which aie already in the solu- 
tion may remove elections from the strip of 
metal and be converted into neutial atoms 

Zn++ + 2 elections — >- Zn° 

The first of these reactions depends upon a 
chaiacteiistic piopeity of zme — upon the 
ease with which the atom will hbeiate two 
elections Every metal has a characteiistic 
tendency to pass into the ionic state by losing 
elections, this tendency is sometimes called 
the solution pressure ot the metal 

Foi each Zn++ ion produced, two electrons 
arc left on the strip of metallic zme A 
diffeience of potential between the metal and 


the solution is thus produced and the metal, 
as a result of the elections that accumulate 
on it, has a negative charge ivith respect to 
the solution 

The second reaction — the conveision of 
10ns into neutral atoms of the metal — causes 
electrons to be removed from the metals 
Here again, a difference of potential between 
the metal and the solution lesiilts, but in 
this case the metal has a positive charge with 
lespect to the solution The discharge of the 
ions occurs at a rate that depends upon the 
number of zinc ions that come into contact 
with the surface of the metal Let us speak 
of this reaction as the lon-dischar ging tend- 
ency, it IS lefeiied to, also, as the osmotic 
piessuic Depending as it does upon colli- 
sions of 10ns with the metal, this tendency 
will vaiy with the late at which the 10ns 
move, and therefore will be different for 
different temper atuies It will also vary, at 
a given temperature, with the coiicentiation 
of the ions, being strongest ivheii the con- 
centiation is greatest The rate at which the 
ions are dischaiged depends, also, upon the 
electrostatic Joice of atti action between the 
positive ions and the metal, which has a negative 
charge as a lesult of the first reaction This 
condition gives rise to a difference of poten- 
tial, or electromotive force (c m f ) between 
the metal and the solution, and undei the 
influence of this difference of potential, the 
positive 10ns 11011 move toward the metal, 
at a latc which is greatest when the c m f 
has its maximum value 

If a metal is placed in contact with a 
solution of its ions, either the solution pics- 
suie 01 the tendency of the 10ns to precipi- 
tate may be the greater The actual result 
will depend upon the metal used and the 
concentration of 10ns in the solution Let 
us consider the two possibilities 

(1) If the metal is at least faiily active, 
and if the concentration of the metal’s ions 
IS not extremely great, the solution pressure 
of the metal will be the stiongei of the two 
tendencies Under these conditions, the 
metal will pass into the solution as 10ns 
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(leactioii 1), leaving electront, on the undih- 
solved motal Foi active and modeiately 
active metals the solution piessuie over- 
balances the effect of any concentration of 
the metals' ions that can be obtained 

(2) It, howevei, the concentiation of the 
ions of the metal is siifficieiiLly great, and 
especially if the metal is not very active, 
it may happen that the late of dischaige and 
deposition of the ions upon the siufacp of (he 
metal will he gioatei than the late of toima- 
tion ot ions from the metal In this event, 
the ions will be deposited, giving a poulive 
charge to the metal and setting up an e m f 
between the metal and the solution 

It will be noted that both possibilities that we 
have just desciibed lesult lu an emf that op- 
poses the very reaction that pioduccs the emf 
Undei the fiist conditions — when solution pies- 
suie is the strongei — the emf is pioduced as the 
ions of the metal pass into the solution, leai mg a 
negative ohaige upon the metal This charge, 
however, causes the positive ions of the metal to 
be atti acted back towaid the metal, and there- 
fore inci eases the tendency of the ions to be chs- 
charged But if the electrolytic solution piessuie 
repiesents the weakci tendency, then the emf 
depends upon the pioduotioii of a positive chaige 
upon the metal, and as tins cliaige glows laigci, 
it causes the ions to be atti acted less stiongly 
towai d the metal 

It lb evident, therefoie, that the c m t 
pioduced betw een the metal and the solution 
depends upon the difference between (1) the 
tendency of the ions to foim as a lesult ot 
the metal's solution picsbure and (2) the 
tendency of the ions to deposit as detei mined 
by their concentiation By measuiing the 
elcctiomotive foice, oi diffeience of poten- 
tial, that lesults when each ot a senes of 
inel alb is placed in contac t with a solution ot 
its ions, w'e may determine the lelalive oidci 
ot magnitude of the electiolytic solution ten- 
sion of the diffeient metals In oidei that 
this compaiisoii can lie made, the concen- 
trations must be compai able, or moi c sti ictly 
speaking, the activities (page 442) of the 
ions of the diffeient metals must be the same 


12 The Hydrogen Electrode 

The measuioment of the potential diffci- 
eiice between a metal and a solution of ils 
ions is not so simple as it may appeal This 
potential cannot lie mcasuied, for eAample, 
bv connecting one end of a voltmetci with 
the metal and the othei with the solution 

In piactice, the metal and a solution of its 
ions (of known concentiation) is used as one 
lialt of an electiochemical cell, and an eloc- 
liode of constant potential chdcreiice — a 
standaid electiode — ^is used as the other 
half of the cell The hgdi oijen clecli ode can be 
used foi this pinpose 

This electi ode consists of a small platinum 
toil coated with black, spongy platinum 
The metallic foil is placed in a solution con- 
taining hydrogen ion (at unit activity), and 
puio hydiogen is bubbled into the solution 
under a pressuie of one atmospheie The 
platinum adsoibs hydiogen, which estab- 
lishes equilibrium wuth the hydiogen ions in 
the solution ' 

II 2 2 ?[+ 4- 2 electrons 

The platinum and its adsoibcd hydiogen act, 
theiefoie, as an electiode of hydiogen, and a 
potential dilteieiice is set up between the 
solution and this elocti ode 


13 Measurement of Electrode Potentials 
The electrode potential of a metal, such as 
zinc, is the potential pioduced wdien the 



Figure 293 The Measurement of Electrode Potentials 
This cell explains the theoretical basis of the method, in 
practice, electrodes other than the hydrogen electrode are 
usually employed, but their potentials are expressed In 
terms of the hydrogen potential 
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metal is immersed in a solution containing a 
definite eoncenti ation of the ions of the 
metal To measuie the electrode potential 
of a metal an elect] ochemical cell is set up, 
consisting of the metal and a solution of its 
ions as one half of the cell and a hydiogen 
electrode (or some othei standard electrode) 
as the othei half (Figiiie 29;i) The two 
halves of the cell aic connected by a cuivcd 
glass tube filled with a solution of potassium 
chloiide, or some other electiolytc, and also 
by a wiie that connects the metal with the 
platinum foil of the hydiogen electiode The 
potential diffeience of the cell as a whole 
can now be measuied 
The result of this measurement consists 
of the combined effects of the potential dil- 
feience between the metal and the solution 
m which it IS immeised, the potential diffci- 
ence between ficc hydiogen and hydiogen 
ions, and the potential dilleience between the 
solutions, themselves Of the factois com- 
posing the total clectiomotive foice of the 
cell, the potential of the hydiogen electrode 
may be kept constant in the study of the 
potentials of diffeient metals, the potential 
diffeience between the two solutions is made 
small by using the connecting tube filled 
with a solution of potassium chloride, and, 
since this KCl-biidge is used in all the cells, 
the potential between the solutions may be 
disregarded ivithout intioducing seiious ei- 
rois The potential of the hydrogen electiode 
IS usually defined arbitiaiily as zeio foi the 
sake of convenience When this is done, 
the entire elccii omolivc foice of the cell may he 
legaided as the difference of potential between 
the metaLand its solution The measuied po- 
tential of this electiode is, consequently, 
not the leal potential, which would be equal 
to the obseived potential collected tor the 
potential of the hydiogen electiode How- 
ever, the lattci is constant foi the potential 
measurements of a senes of metals, and when 
these potentials aie to be compaied, this cor- 
lection need not be made Thee.mf values 
obtained by such measurements are called 
the electrode potentials of the metals 


Instead of the hydiogen electrode, qne half of 
the cell may consist of a calomel, HgjCla, elec- 
trode Metallic mercuiy is placed in a solution 
of 1 N potassium chloude, the solution is satu- 
rated with mercurous chloude, and an excess of 
solid mercuious chloude, oi calomel, is added 
As measured against the hydrogen electrode, the 
potential of the calomel electrode is + 0 28 volt 

14. The Electrochemical Series 
Measurements of the electrode potentials 
of diffeient metals made in the mannei de- 
scribed m the preceding section may be used 
to determine the relative positions of these 
metals in the electrochemical senes When 
used as clectiodes in one half of the cell, 
some metals will dissolve, forming positive 
ions The toimation of the ions leaves elec- 
trons upon the metal, wFich consequently 
acquires a negative charge If the metal is 
connected by a conductoi (evtoinal to the 
solution) with the hydrogen electiode, these 
elections ivill flow from the metal to the 
hydiogen electrode, wheie they aie used to 
convert hydrogen ions into neutial atoms of 
hydiogen This condition lesults whenevei 
the metal has a greater tendency to foim 
positive ions (by losing electrons) than hy- 
drogen has The electiomotive foi ce of such 
a cell, in which zinc (and Zn++ ions at unit 
activity) IS used as the metal, is 0 76 volt 
This IS called the electrode potential of zinc 
It IS given a negative sign (page 634), since 
zme IS the negative pole of the cell When 
other metals are used, the electromotive 
force of the cell will have different values, 
depending upon the relative tendency of the 
metal (as compaied with hydrogen) to give 
up positive ions to the solution Lead, for 
example, gives an electromotive force of 
only 0 12 volt, because its atoms have a 
wmaker tendency than zinc atoms to become 
positive ions Or, to put the matter in an- 
other way, theie is only a slight difference 
between lead and hydrogen in their tenden- 
cies to change into positive ions It is clear, 
therefore, that if we measure the electromo- 
tive force of cells in which different metals 
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are used, the lesults will give us the order 
of these metals m the olectiochcmical seiies, 
in which the lelative position of a metal 
depends upon the ease with u hich its atoms 
lose elections and become positive ions 
When we leplace zinc or lead with copper, 
we find that hydiogen has a stionger tend- 
ency to form positive ions than the metal 
Hence, if we connect a normal hydiogen 
electrode to a strip of coppei immeised in a 
solution of a cupiic salt in which the activity 
of the cupiic ions is unity, ciipiic ions aie 
changed into neutial atoms, and the coppei 
becomes the positive pole ot the cell At the 
hydrogen electrode, hydrogen molecules are 
changed into hydiogen ions, thus giving this 
electrode a negative charge The electro- 
motive force of this cell is 0 34 volt, which is 


the electrode potential of copper We give 
it a positive sign (Table 37), because coppei 
IS the positive pole of the cell m which the 
measuiement is made Copper becomes 
positively charged with respect to the normal 
hydiogen electrode 

If the non-metallic elements are included in 
the electrochemical senes we hnd that they 
possess relatively high positive potentials 
This condition depends upon the fact that 
the iion-metalb produce negative ions when 
they go into solution, and the neutral ele- 
ments — the electrode — -are left with a 
positive charge 

The table of potentials (Table 37) con- 
tains the electrode potentials of some of the 
non-metals as well as both active and inac- 
tive metals The positions of the elements 


TABLE 37 
Electrode Potentials * 


Element 


Potassium 

Calcium 

Sodium 

Magnesium 

Aluminum 

Manganese 

Zinc 

Sulfur (at Pt electrode) 
Iron 

Cadmium 

Cobalt 

Nickel 

Tin 

Lead 

Hydrogen 

Copper 

Silver 

Mercury 

Iodine 

Bromine (at Pt electrode) 
Chlorine (at Pt electrode) 
Gold 
Fluorine 


Ion 


K+ 

Ca++ 

Na+ 

Mg++ 

AI+++ 

Mn++ 

Zn++ 

S^ 

Pg++ 

Cd++ 

Co++ 

Nd + 

Sn++ 

Pb++ 

H I- (or H 3 O+) 
Cu++ 

Ag+ 

HgH- 

|- 

Br- 

ci- 

Au+++ 

F- 


Reaction at the Electrode 



Potential (volts) 


- 2 92 

- 2 76 

- 271 

- 1 86 

- 1 70 

- 1 1 

- 0 76 
-0 55 

- 0 44 

- 0 40 

- 0 28 

- 0 23 

- 0 14 

- 0 12 
- 0 00 
+ 0 34 
-1-0 80 
-t- 0 80 
-)- 0 53 
-I- 1 07 
-h 1 36 
-H 1 36 
+ 2 85 


The elertiode potonluls which are eiven m this table aie based upon compansons with the normal hvdroaen 

I. 25- C , md tk. 



TYPES OF ELEaROCHEMICAL CELLS 635 


in this table represent the relative ease with 
which the elements can be oxidized by losing 
elections Those at the top are most easily 
oxidized Conversely, the fiec non-metals 
and the metallic ions at the bottom aie most 
easily reduced and seive, therefore, as the 
best oxidizing agents This pioperty results 
fiom the tendency of the atoms of these ele- 
ments to attiact elections veiy strongly and 
to a very slight tendency on their part to 
give up any of the elections that they pos- 
sess or which they have acquiicd in chemical 
leactions fiom other elements 

The positive sign of the lowei values in 
this table indicates that these electrodes 
would act as the positive poles of cells made 
up of these electrodes and the noimal hy- 
diogen electiode 

TYPES OF ELECTROCHEMICAL CELLS 
15 The Darnell Cell 

In the Darnell cell electrical energy is 
made available by means of the leaction 
between metallic zinc and cupne ions 

Zn“ + Cu++ — )- Zn++ d- Cu» 

The construction of the cell is shoivn in 
Figure 294 The electiodes are made of 
metallic zinc and coppei Each electiode is 
placed in a solution of the ion corresponding 
to the metal, and the solutions are con- 
nected by moans of a siphon U tube If 
solutions containing metallic ions at unit 
activity aie used, the potential difference 
between copper and the solution of cupric 
ions will amount to 0 34 volt and will be so 
directed that the coppei electiode is posi- 




tively chaiged toward the solution The 
diftetence of potential between zinc and a 
solution containing Zn++ ions at unit activity 
IS 0 76 volt, and the zinc electiode is nega- 
tively chaiged (Table 37) as compaied mth 
the solution If a wiie is used to connect 
the two metals (outside the solution), an 
external ciicuit is made, and elections flow 
from the zinc toivard the coppei The dif- 
ferences of potential produced at the two 
electi odes act m the same direction, namely, 
to cause electrons in the external ciicuit to 
flow towaid coppei Foi this leason the 
electromotive foice of the cell is equal to the 
sum of the two electiode potentials 

0 34 -h 0 76 = 1 10 volts 

This IS the theoietical voltage of the Darnell 
cell in which solutions containing Zn”*^ and 
Cu++ ions at unit activity aie used If 
solutions containing diffeient ionic concen- 
trations are used, the voltage will vary The 
voltage of the cell may be mci cased by using 
moie dilute solutions of zme ion and more 
concentiated solutions of cupiic ion Can 
you show why these changes in concentra- 
tion should favoi the pioduction of a higher 
e m f 

The giavity cell makes use of the same reaction 
as the Daniell cell The copper electiode consists 
of thice sheets of copper which aie fastened to- 
gether and placed on the bottom of the cell The 
metallic copper is placed in a satin ated solution of 
cupiic sulfate. To keep the solution satuiated, 
ciystals of cupric sulfate are placed in the bottom 
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of the vessel To provide more surface a bi anched 
(ciowfoot) zmc electiode is used This is sus- 
pended near the top of the cell in a dilute solution 
of zinc sulfate, which floats on the heavier solution 
of oupiic sulfate When the two metals aie con- 
nected exteinally by means of a wiie, elections 
flow through the wire fiom zinc to copper, since 
zinc becomes negatively charged by the reaction 

Zn“ — y Zir^ ' -|- 2 electrons, 

while copper is positively ehaiged by the discharge 
of cupiio ions 

2 electrons -|- Cu+ *■ — >■ Cu" 

These reactions maintain the condition le- 
quired for the flow of elections thiough the ex- 
teinal circuit At fii^t the voltage is compaia- 
tively high, but it falls off slowly as the zinc 
passes into solution, since the ooncentiation ot the 
zinc ions m the solution suuounding the zmc 
electrode gradually increases As the concentra- 
tion of the zinc ion inoicases, the zinc electrode 
becomes less negative, and the electrode potential 
decreases (page G35) 

1 6 Concentration Cells 

We have seen that the diffeiencc of potential 
between a metal and a solution containing 
the ions of the metal depends, at a given tem- 
peratuie, upon the concentration of the ions 
It IS possible, theiefoie, to construct a cell 
by using two elcctiodes of the same metal, it 
one electrode is placed in a concentrated and 
the othei in a dilute solution of the ions of 
the metal Htiips ol zinc may be used as the 
electrodes, and these may be placed m two 
solutions containing different concentrations 
of zmc sulfate The same chemical leaclion 
occurs at the two electrodes 

Zn® — y Zn^ -f 2 elections 

Since the elcctiode potential depends upon 
the concentiation ol zmc ions m the solution 
mound the electiode, the electrode in the 
more dilute solution becomes moie stiongly 
negative towaid the solution than the other 
If the two zinc electrodes aie connected ex- 
ternally, by a iviie, the electiode m the moie 
dilute solution will be negative toward thi' 
electiode m the more concentiated solution. 


and electrons will flow from the former to the 
latter As the elections flow away from the 
negative zinc electrode, atoms of zmc will 
leave this electiode and pass into the solution 
as zmc ions, thus le-establishing the negative 
condition As the electi ons flow into the less 
negative elcctiode, zmc ions fiom tho con- 
centiated solution wall bo dischaigod and will 
plate out on the zinc I’ho flow of electrons 
thiough the wiie pi events the establishment 
of equilibiium at the elcctiodes As action 
continues the concentiations ol the two 
solutions become moie ncaily the same, and 
the potential difleience between the elec- 
tiodes decreases When the concentiations 
of the two solutions become equal, the poten- 
tial difference becomes zeio Regardless of 
the diffeiencc in the eonceiiLialions of the 
solutions, the electromotive foice ol concen- 
tiation cells is lelativcly small as compared 
with that of othoi electi oehemieal cells 
Foi this leason, concentiation cells are not 
practical souiccs of electi ical eiieigy 

17 The Dry Cell 

This cell diifeis fiom othei s m containing 
mateiials that aic largely in I he solid state 
The outside of the cell is a zmc cup, w'hich 
acts as the negative' electi odi' This cup is 
lined with poious papei, which separates the 
zinc Irom the mateuals m tho eonter A 
carbon lod in the centei of the cell acts as 
the othei electi ode 1 n the' space ai ound this 
lod theie is piessed a moist mi\tme of am- 
monium chloride, manganese dioxide, a little 
zinc chloiidc, and some poious, inactive solid 
Tlie cell leaction consists m the conversion 
ol zmc into zmc ions (oxidation) at the outei 
electiode, and the conveisiou oi the am- 
momuin ion into ammonia and hydiogen at 
the carbon electiode (reduction) 

Zn" — y Zii'^ + 2 eh'ctioiis 
2 NH4+ + 2 elections — 2 NH) -|- Ih 

Since the Inst ol these leactions leaves elec- 
trons upon the zmc, this electiode becomes 
the negative pole oi the cell The second le- 
action lemovos elections fiom the carbon 
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Figure 296 The Dry Cell 

rod, which consequently is made the positive 
pole The ammonia that is liberated leacts 
with the zinc ions to foim complex ions 
(Zn(NPl3)4''^), thus reducing the concentia- 
tion of zme ion and making it possible for 
the zinc eloctiode to become moie negative 

The top of a diy cell is sealed with wax oi 
pitch to piovent the evapoiation of watei 
The name “diy cell” is evnlently a misnomer 
since watei is absolutely necessaiy in the 
inixtuie between the two electrodes The 
presence of watei makes possible a solution 
in which ammonium chloiide can hbeiate 
ammonium ions, and into which the zinc 
ions may pass fiom the zinc electiode 

1 8 Polarization 

Hydrogen collects on the carbon electiode of 
the diy tell and covers it with an insulating layei 
that inci eases the i esistance of the cell by making 
it difficult tni the ammonium ions to leacli the 
electi ode Fnrthermni e, this hydi ogen sets up an 
electromotive foice (hydiogen-eleotiode poten- 
tial) by tending to pass into the solution as hydro- 
gen ions This change piodnces a potential dit- 
fcicncc, between the caibon electiode and the 
solution, that opposes the potential icsultmgfiom 
the dischaige of ammonium ions, since the foima- 
tion of hydiogen ions tends to make tins electiode 
negative, whoieas it must be the positive pole of 
the cell llie condition aiismg fiom the collec- 
tion of hydiogen on tlie caibon is called polanza- 
tion, li not jnevented, polanzation soon leduces 
theemf ot the cell to zero Manganese dioxide 
IS added to act as a depolarizer by i eactmg with 
the hydrogen which is set hee 

MnOs -l- — y H2O -f- MnO 


When a diy cell is used for a short time as a 
souice of cm rent, the hydrogen collects moir 
rapiflly than it is oxidized, the cell becomes polai- 
ized, and the e m f between the electiodes diops 
During a poiiod ol lest, the hydiogen that has 
collected is completely oxidized, and the e m f 
again uses to its maximum voltage (about 1 5 ) 
The (by cell is known as a depolanzing cell 
kolaiizatioi! may nccui m ceilam othei types ol 
cells that contain no depolaiiznig substance 
The Darnell cell is one of the uon-polarizmg type, 
since no substance is hbeiated at cithei electiode 
to set up an opposing e in f 

1 9. Metallic Couples 

When a stnp oi rod of zme is placed in a 
solution of hydiochloim acid, hydrogen is 
liberated on the suitaee of the metal, and 
the metal passes into the solution We can 
pietinc the changes occuiiing at the point ot 
contact between solution and zinc as follows 
Atoms ol zme pass into solution as Zn++ ions 
and, as each ion is formed, two elections aie 
left on the metal Hydiogen ions m contact 
with the metal icmove these elections and 
become ncutial atoms of hydiogen The 
atoms then foim molecules, which collect in 
bubbles of gas and finally escape fiom the 
solution 01 cling to the surface of the zinc 

Let us now consider a solution of the acid 
in which stiips of both zinc and coppei aie 
placed and aie eithei allowed to touch oi 
aie connected by a wire We may now ob- 
seive that the zinc continues to dissolve, but 
hydiogen is hbeiated on the surface of the 
coppei As zinc ions aie foimed, elections 
aie left on the zinc, as bcfoie, but they aie 
transteired to the coppei ivheie they aie 
used to conveit hydiogen ions into neutial 
atoms and molecules of hydiogen, it is on 
the sill face of copper, theiefoie, that hydio- 
geii IS liberated 

Two metals m contact, as the copper and 
zinc combination that we have just de- 
scribed, iorm a meiallic couple 

Piue zinc does not dissolve leadily in hydio- 
chloric acid, because the metal is quicldy covciod 
with a pioteotmg lavci of hydiogen that prevents 
the hydrogen ions fiom coming into contact with 
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the bvirface of the metal, which therefoie main- 
tains its negative chaigo This chaige on the 
metal prei’ents more zmc ions from forming, in 
fact, it attiacts the positive zinc ions aheady 
m the solution and increases the tendency of 
these ions to deposit (page 632) If, in .some 
maniiei, the hydiogen gas is pi evented fiom 
collecting on the suiface of the zinc, the hydiogen 
ions will 1 emove the negative ohai ge of the metal 
and thus destioy the attiaolion of the metal 
foi the zinc ions in the solution This is what 
happens in a metallic couple of zinc and coppei 

Impiiie, 01 nulmaiy, giades of zinc contain 
small ciystals of coppei and otliei metals, and 
these ciystals form mimeious metallic couples 
with the zinc Hydiogen is liberated on the sui- 
faces of these small ciystals of other metals and 
the zinc, with a suiface left free and clean, readily 
dissolves 

20 Electroplating 

In the manufac'tuie of many metallic ai ti- 
des — tablowaie, liaidware, plumbing fix- 
tiiies — one metal is often covcied with an- 
other, sometimes to protect the fust metal 
from oxidation and sometimes to give a 
metal-hke iron a moie pleasing appeaiance 
The article to be plated is placed in a bath 
containing a salt of the metal that is to be 
deposited The aiticle to be plated is made 
the cathode and the metal to be deposited is 
made the anode of the cell 

The deposit of metal must form a layei of 
faiily umfoim thickness, and it must adhere 
tightly to the metal undeineath Caieful 
oontiol lb necessary to attain this lesult, 
because the deposit may, undei ceitain con- 
ditions, consist of laige ciystals, a loo.se 
powder, or a spongy mass The chaiacter of 
the deposit vanes with many conditions, 
such as the tempeiatuie, the coneentiation 
of the ions, the suifaces of the anode and 
cathode, and the piehenee of other substances 
in the electiulyte In many instances sub- 
stances aic added to leduce the coneentiation 
of the metallic ion, thus causing the metal 
to plate out more slowly. I’he addition ol 
potassium cyanide, KCN, to a solution of 
silvei nitrate, foi example, seives this pui- 
pose, because it foi ms the complex silvei- 


cyanide ion, Ag(CN) 2 ~, which is very slightly 
iomzed, and thus i educes the concentration 
of Ag'^ ion in the solution Addition agents, 
such as glue, also have a pionounced effect 
upon the charactei of the layer of electro- 
plated metal 

21. The Storage Battery 

As its name implies, the sf.orage battery 
acts as a cell in which energy may be stoied 
When the battery i.s charged, electneal 
encigy is supplied and is u.scd to pioduce 
ceitain substances vliich latei may take part 
m an oxidation-i eduction reaction, which 
serves to pioduce a diffeience of potential 
and hence makes possible the generation ot 
an elect! ical curient The lead storage bat- 
tery IS the most familiar, and we shall use 
this battel y to illustrate the reactions in- 
volved m stoi age battei les m general 

In a lead storage ba1,tciy winch ha,s been 
discharged, both of the poles aic covered 
With a deposit of lead .sulfate (PbSdi) The 
solution in the battei y consists of a dilute 
solution ot siilfiuic acid To ehaige the bat- 
tery we connect the negative pole, or the 
pole which acts as the negative one when the 
batteiy is ehaiged, to the negative end of 
an electneal cncuit, in which theio is a 
genoiatoi pioducing a diieet cuirent of 
about 110 volts The positive polo of the 
batteiy is connected to the othei end of this 
circuit The geneiator, therefoie, adds elec- 
tions to the pole of the liatteiy maiked A 




l^igure 297 The LecicJ Storage Battery 
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and removes them f i om 5 We may assume 
that, at the pole maiked A, the lead of the 
lead sulfate is reduced to metallic lead, and 
that the sulfate ion is leleased in the solution 

2 e + (Pb^-^SO.r) — Pb + SOr 

At the othei pole (B), the lead of the lead 
sulfate IS oxidized and is deposited as lead di- 
oxide (PbOa), each atom of lead giving up 
two moie elections to the pole as this leac- 
tion takes place 

(Pb-'-^SOr) + 2 PlaO — 1- 

PbOj + (2 H+ + S 04 =) + 2 H+ -h 2 e 

The complete leaction which occuis duiing 
chaiging may be repiesented by the followmg 
equation 

2 PbSOi + 2 II 2 O 

Pb -f- PbOs 4- 2 (2 H+ -t- SOr) 

Since sulfuiic acid is pioduced as the batteiy 
IS dial Red, the extent to which the chaiging 
has been completed can be detei mined by 
measuiing the specific gravity of the solu- 
tion fioin time to time 
The fully charged batteiy may now be 
used as a cell to libeiate clectiical eneigy 
The negative pole ol the cell eoiisiats of a 
lead electiode, and the positive pole is the 
lead dioxide Dunng its discharge, the lead 
ot the pole maiked is converted into lead 
ion which, m turn, is precipitated as lead 
sultatc, since this substance is only slightly 
soluble This reaction leaves electrons on 
the pole where it occurs 

Pb — ^ Pb+^^ + 2 e 
Pb++ -k SOr — PbSOj 

At the othei pole (B), hydrogen ion is pioba- 
bly converted into fiee hydrogen 

2 P1+ + 2 elections — y 2 (H) 

This hydrogen then leduces the lead dioxide 
to PbO 

2 (PI) + Pb02 —V H 2 O + PbO 

Lead dioxide is basic and reacts with sul- 
luiic acid to foim lead sulfate and watei 

PbO -P (2 H+ + SOr) — PbSOj + H2O 


The complete reaction which occurs when 
the batteiy is used to produce an electrical 
curient is 1 epresented by the followmg equa 
tion 

Pb + PbOj + (2 H+ + SO r) — PbSO^ + HjO 

This leaction removes electi ons from pole B 
Hence, during discharge electrons flow in the 
exteinal ciicuit from A to B Both lead and 
lead dioxide are converted into insoluble lead 
sulfate, whieh is deposited on the electrodes, 
and the sulfuric acid is laigely removed, 
giving a solution of lower specific gravity 
The fully chaiged cell has a voltage of about 
2 2 volts, and its solution has a specific grav- 
ity of about 1 2 The voltage ot the batteiy, 
when it IS leady to be chaiged again, is 
about 1 9, and the specific gravity of the 
solution is about 1 05 The batteiy may be 
damaged by allowing it to stand in the dis- 
chaiged condition, discharge should, theie- 
fore, never be complete Damage may also 
lesult from over-charging 

The othei cells whicli we have desoiibed 111 
this chaptei are called primary cells in contrast to 
the storage battery In piimaty cells, the produc- 
tion of elect! ical eiiei gy depends upon the forma- 
tion of the products of an oxidation reaction at 
one electiode and those of a 1 eduction leaction 
at the othei There is no recharging of a piimaiy 
cell, except by providing a new supply of the sub- 
stances which are oxidized and reduced In the 
storage batteiy the production of electrical eneigy 
also results from an oxidation-i eduction reaction, 
but this reaction occurs as a sort of secondary 
change, following the passage of a cm lent of 
electi icity thiough the cell This cuiient con- 
verts inactive mateiials in the batteiy into sub- 
stances which latei may take part in the oxida- 
tioii-i eduction reaction In othei woids, eneigy 
IS first stored in the batteiy by coiiveitmg elcc- 
tiical energy into chemical energy Latei, the 
chemical energy is changed again into electrical 
energy This piocess of storing and discharging 
eneigy can be repeated over and ovei again 

In the Edison storage battery, non and 
hydrated nickel trioxide replace lead and lead 
dioxide as plates, and the electrolyte is a 
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solution ol sodium hydi oxide 

tion IS 

DiBL'haigc 

Pe + NuOj + 3 HjO Pe(OH )2 + 2 Ni(OII )2 
Chaige 

Review Exercises 

1 What are some of the ways in whicli the 
eneigy lachated by the sun is stored up in 
systems possessing lelatively high free ener- 
gies? 

2 What aie some of the foima of eneigy that 
may be liberated duung chcmieal reactions 
01 that may be consumed m leactions''’ 

3 How is the heat of a reaction mea&uied'^ 
Wliat IS the unit that is used in expi easing the 
heats of reactions? 

4 Calculate the heat of foimation of carbon 
monoxide fiom the following data 

C + 0, — )- CO, + 94,390 cal 
2 CO + 0, — ¥■ 2 CO 2 + 136,560 cal 

5 Explain the tollowmg terms eneigy of acti- 
vation, calorimetei , joule, coiioentiation cell 

6 Define heat , tempei atui e , free enei gy change 
of a reaction 

7 A ourient of five amperes is passed through a 
solution of silvei nitiate for ten minutes, the 
same (juantity of cm rent is also passed 
thioiigh a solution of cupiic sulfate foi five 
minutes What weights of silvei and coppei 
aie libeuited at the cathodes m the two 
expenments? 

8 What aie some of tho essential conditions 
that must be fulfilled betuie a chemical leac- 
tion can be used to pioduce a cm lent of elec- 
tiicity? 

9. Explain solution pressme of a metal Wliy 
does it vary foi ddteient metals? 

10. How aie the positions of the metals in the 
electiochemical scues detei mined? 

11 What faotois detei mine the electromotive 
force that exists between a metal and a 
solution of its lous? 

12 Why do some metals have a positive electrode 
potential, while otlieis have a negative poten- 
tial? 

13 Desenbe the hydrogen electrode and explain 
how it is used m detei mining the electiode 
potentials ol the metals 

14 Calculate the electromotive force of cells 


made of the following metals and solutions of 
then ions, assuming tlie coiicentiations of the 
10 ns aie the same as tliose used 111 Table 37 
mckel and copper, nine and meicuiy, alumi- 
num and copper, zinc and lead, aluminum 
and gold 

16 Draw a diagiam of an electrocliemical cell 
that might bo used foi tlie genciation of an 
electiie ciirieiiL Iioin each of tlie icactions 
mentioned 111 (iiiestioii 14 

16 Diaw a diagtam ol a coll that miglit lie based 
upon the use of the leactiim between non and 
chloiine to geiieiate an elcctiical cm lent 
What mateiials would you use as the elec- 
tiodes? 

17 Desenbe the construction and opeiatioii of 
the following cells Damoll, giavity, conceii- 
tiation cell, diy cell. 

18 Desenbe the construction of a lead stoiage 
hatteiy and exjilain the natme of tlie chemical 
changes that occui durnig ohaigmg and dis- 
chaigmg 

19 What causes a cell to become polauzed? 
How IS the dry cell depolauzed? 

20 In producing a substance by eleetiolysis, 
should one usea dnect or altei natmg cuiient? 
Explain 

21 Chloime is pioduccd by the eleetiolysis ol a 
solution of NaCl m a cell opoiated at a volt- 
age of 2.4 Calculate the cost of the eneigy 
used in the pioduction ol 10 kilogiains of 
chloune at 12 cents pei kilowatt horn 

22 What weight of coppei will he deposited by 
eleetiolysis when a cm lent of 3 ampeies is 
passed thiougli a solution of cupiic chloiide, 
CuClz, foi one lioui ? 
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THE METALS 


Metallum est corpus minerale fusihile et sub 
malleo ex omni dimensione extensibile 

GEBEE 


1. Introduction 

The remaining chapters of this book will 
deal with the metals We became familiar 
with the general chemical piopeities of these 
elements when we studied the alkali metals 
m an eailier chaptei (page 375) In fiammg 
a piopei definition of a metal we may recall, 
from pipvious discussions, that it is an ele- 
ment whose hydi oxide acts as a base, and 
that its simple salts contain the element as 
a simple positively charged ion (cation), e g , 
Na"'" In contrast, we also recall that the 
hydroxides of the non-mctalhc elements act 
as acids, and that these elements are present 
in salts eithei as simple negatively charged 
ions, eg, C1-, 01 as parts of negatively 
charged radicals, such as S 04 “ 

The atoms of the metals contain relatively 
small numbers of elections —usually one, 
two, or three — in then outermost group, 
while the atoms of the non-metals have a 
larger niimbei Sodium, for example, has a 
single election in its outei shell, while chlo- 
rine has seven The metals tend, therefore, 
to form ionic compounds in which their 
atoms lose electrons, which are transferred 
to non-metals The atoms of the non-metals 
tend to acquire electrons from metals, be- 
coming negative ions in ionic compounds 
They also often share electrons with one an- 
other, forming covalent compounds or radi- 
cals We should also recall that, chemically 
speaking, there is no sharp dividing line be- 
tween the metals and the non-metals Some 
elements form hydroxides that act either as 
an acid or a base, and they appear in solu- 


tions of their salts both as simple positive 
ions and in negatively charged radicals 
Other elements that display two oi more 
valences foim compounds like those of the 
metals, when they are in then lowei valence 
states, and compounds like those of the 
non-metals when they have higher valences 

2 The Structure of Metals 

Most of the geneial physical properties of 
metals — ductility, malleability, electrical 
conductivity, lustei, and othei characteris- 
tics — can be explained by the structures of 
their ciystals In these crystals the atoms 
are closely packed, ivith each atom In con- 
tact with several others and all arranged m a 
closely packed pattern, such as the face- 
centered or hexagonal type of lattice (page 
241) The units of the lattice are really 
positive ions i athei than atoms of the metal 
All, or at least most, of the valence electrons 
are separated from their atoms and are scat- 
tered throughout the ciystal These elec- 
trons aie mobile and act as bmding agents to 
hold the positive ions of the metal together 
Wc therefore find in metallic crystals a dif- 
feient type of binding force than that which 
exists in ionic or covalent compounds It is 
sometimes called metallic binding or metallic 
valence 

The difference between the crystal struc- 
ture of a metal and that of an ionic com- 
pound, such as sodium chloride, is shown by 
Figure 128. The crystal of sodium chloride 
is not ductile or malleable; the ions cannot 
be rolled out into a sheet or drawn out into 
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TABLE 38 

Physical Properties of Some of the Metals * 


Metal 

Density 

Melting point 

“c 

Boiling point 

Specific heat 

Electrical 

resistance 

Thermal 

Conductivity 

Aluminum 

2 702 

660 

1800 

0217 

2 62 

0461 

Beryllium 

1.8 

1350 

1500 

0 397 

18 5 


Bismuth 

98 

271 

1450 

0 030 

115 

0018 

Calcium 

1 55 

810 

1200 

0 149 

46 

0221 

Chromium 

71 

1615 

2200 

0 110 

2 6 


Copper 

8 92 

1083 

2300 

0 093 

1 69 

0 92 

Gold 

193 

1063 

2600 

0 032 

2 4 

0 744 

Iron 

7 86 

1535 

3000 

0 113 

10 

0 141 

Lead 

11 34 

327 5 

1620 

0 031 

21 9 

0 083 

Magnesium 

1 74 

651 

1110 

0 248 

4 46 

0 376 

Manganese 

72 

1260 

1900 

0 107 

5 


Mercury 

13 546 

- 38 87 

356 9 

0 033 

95 8 X 10-“ 

0 025 

Molybdenum 

102 

2625 

3700 

0 072 

4 77 

0 346 

Nickel 

89 

1452 

2900 

0 109 

6 9 

0 140 

Platinum 

21 45 

1755 

4300 

0 032 

105 

0 167 

Silver 

105 

960 5 

1950 

0 056' 

1 62 

1 006 

Sodium 

0 97 

97 5 

880 

0 290 

46 

0317 

Tantalum 

166 

2850 

4100 

0 036 

15 

0 130 

Tin 

731 

231 85 

2260 

0 054 

1 1 4 

0 153 

Tungsten 

19.3 

3370 

5900 

0 034 

5 48 

0 383 

Zinc 

7 14 

4194 

907 

0 092 

6 

0 265 


* Heat 01 thermal conductivity is expressed as calories transmitted per second thiough rnetnl 1 cm thick and 
1 sq cm in area at a temperatuio diflfereneo of 1“ C between the two sides of the plato Specific heals are ex- 
pressed in oaloiies pei gram per degree C Electrical resistance is expiessed as millionths of ohms of resistance by 
a metal cube, 1 cm on each edge 


a Wire, because the positive and negative 
ions occupy alternate positions, and the 
crystal cannot be flattened out into a thin 
layer without destroying this arrangement 
In the crystal of a metal all the paits of the 
lattice are the same, and theiefore they can 
be displaced from their original positions 
without destroying the ciystalhne aiiange- 
ment, which is the same in a sheet or a small 
wile as it IS in a large mass of the metal 
The valence elections that bind the atoms 
of the crystal together must not be very 
firmly held, because under a difference of 
potential they aie free to move along the 
metal in the direction of the positive teimi- 
nal Their places are taken by electi ons that 
flow into the metal from the negative 
teiminal This movement of elections ac- 
counts foi the electrical conductivity of the 
metals 


3 The Occurrence of the Metals 

Aftei oxygen and silicon, the six next most 
abundant elements in the eaith’s crust aie 
metals aluminum, non, calcium, sodium, 
potassium, and magnesium Manganese, 
barium, chromium, vanadium, nickel, and 
stiontiiim aie the only othei metals present 
m the earth’s must to an extent greater than 
0 01 per cent The importance of these ele- 
ments as free metals, howevei , docs not de- 
pend upon then relative aliiindance as a 
part of the earth’s must Instead, their im- 
portance IS determined by the occuiience of 
the flee metal, oi its compounds, m deposits 
at least moderately iich m metal-content, 
upon the ease with which these deposits can 
be converted into the metal, and upon the 
useful piopeities of the metal It happens, 
therefore, that some of oui most widely used 
metals are not veiy abundant m nature, 
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while otheis that aie lelatively abundant 
aie used veiy little Until piactical and in- 
expensive methods of producing metallic 
aluminum from some of the compounds in 
which the element occurs m nature were dis- 
coveied not many yeais ago, very little 
aluminum was produced, although it is the 
most abundant of the metals Even yet, 
aluminum is produced from relatively raie 
mineial sources and not from clay and vari- 
ous kinds ol rocks in which most of the 
aluminum of the earth’s must occurs Four 
of the most abundant metals (sodium, po- 
tassium, calcium, and magnesium) have lim- 
ited uses as metals fiist, because they aie 
not easily prepared from their compounds, 
and second, because the metals do not lend 
themselves to the purposes for which metals 
usually seive They arc not durable and are 
entirely unsuited for the manufactuie of 
metallic articles oi for the construction of 
metallic stiuctures of any kind Alloys con- 
taining some of these metals are moie useful 
than the metals themselves 
Silver and gold, which occur as native 
metals in nature, wore used at least 8000 
years ago, chiefly in making ornaments 
Of the metals that occur as compounds, cop- 
per and tin were very early produced by the 
reduction of their oxides with caibon or 
carbonaceous material An alloy of these 
two metals was also produced at least 5000 
years ago This alloy is called home The 
discovery of how to pioduce it marked the 
beginning of the “bionze” age Although 
iron IS produced veiy easily from its otes, 
not until long after the time when biass and 
bionze had been produced did man learn of 
its great usefulness and of means of pioduc- 
ing It The very extensive development of 
the automobile industry and the railroads, 
and the wide use of machinery and tools of 
eveiy kind, have made non and its alloys, 
and also non-ferrous metals and then alloys, 
extremely valuable and important commodi- 
ties For ouis is the "machine age,” and 
uc could have very few machines without 
metals liom which to constiuct them The 


many uses that require metals have stimu- 
lated the search for economical methods of 
1 educing the metals from their oies When 
the pure metals have not met the lequiio- 
ments, alloys of many kinds have been made 
to provide a metal with the properties re- 
quired for a specific need Thus, there has 
been piodueed brass haidei than copper , 
steels that are tough and strong, steels that 
aie lesistant to chemical action, steels that 
are impermeable to hydrogen, steels that do 
not lose their "temper” when heated, stain- 
less steels; gold alloys harder than pure gold, 
and coloied green, white, or pink, and alloys 
of many kinds that withstand the wear and 
teal of moving gears and beanngs more 
satisfactory than any pure metal 

4. Ores of Metals 

Ores are the natural materials in which 
metals or then compounds occur m the earth 
They usually contain large percentages ol 
worthless earthy material, called gangue 
Some of the least active metals aie often 
found m the free state These aie said to be 
native oies We have already (page 520) 
described the occurrence of native arsenic, 
antimony, and bismuth Gold, silver, plati- 
num, and copper also occur in the free state 

The most important classes of oies, in 
addition to native ores, are listed below 

(1) Oxides This constitutes one of the most 
impoitant gioups of ores Oxides are important 
natural souices of iron, aluminum, manganese, 
and tin 

(2) Sidfules Ores containing the sulfides of 
the metals are impoitant sources of zinc, cad- 
imum, meicuiy, copper, lead, nickel, cobalt, 
silver, aisemc, and antimony 

(3) Carbonates lion, lead, zinc, and coppei 
occui as carbonates, and ores contaiiung these 
compounds are important sources of these ele- 
ments They aie not so important, hovvevei, as 
the oxide oi sulfide ores of the same metals 
Calcium, magnesium, barium, and strontium also 
occur m nature as carbonates 

(4) tiulfates Calcium, barium, and strontium 
occur abundantly as sulfates A minor oie of 
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lead contains lead sulfate Sodiuui sulfate also 
occurs in natuic 

(5) Halides The cliloiicles of sodium and po- 
tassium occin in natuie and are impoitant 
sources of these metals and thou compounds 
Calcium fluoiide (fluoispai) selves as the piinci- 
pal souice of fluoiine, but is of little significance 
as a souice of calcium Sodium aluminum fliioi- 
ide, or ciyohte (NaaAlF,,), is extensively used in 
the pioduction of aluminum Silvei occurs as 
the chloude (horn silvei) Small amouiite of 
the bioinides and iodides of sodium, pota«.siuni, 
and magnesium aie usually associated with nat- 
ural oecmrences of sodium chloude These 
souices also contain some magnesium chloude 

(6) Silicates Silicates ot aluminum, calcium, 
potassium, sodium, and magnesium aie veiy 
abundant, and silicates containing many othei 
metals (page 634) at o well known With the ex- 
ception of two 01 throe cases, howevei, tlic nat- 
utally occuiimg silicates aie of little value as the 
fcouices of the metals which they contain They 
aie so difficult to decompose that the lecoveiy of 
the metals fiom them is not economical 

(7) Othei Ores In addition to the gioups of 
ores listed above, seveial ot the metals occui m 
unusual kinds of compounds We shall mention 
only a few ot these to inchoate the wide vaiiatiou 
in the types of compounds found in natuie 
Sodium and potassium sometimes ocoui as ni- 
tiates, gold is sometimes found in the foim of a 
telluride, chiomium occui s as feiious chiomite, 
Fc(Ci 02 ) 2 , which IS the most impoitant oie of 
this element, molybdenum is found as the lead 
salt of molybdic acid, PbMoO^, and the pimcipal 
ore of tungsten is feiious tungstate, FeW 04 
Most of these miscellaneous oics aio used to pio- 
duce some of the laiei and less extensively used 
metals The most impoitant oics of the most 
widely used metals aie oxides, sulfides, and cai- 
bonates 

METALLURGY 

Metalluigy denis ivith the vaiious pioc- 
esses used in the pioduction of metals fiom 
then oies Most ot these piocesses involve 
chemical leactions, but befoie such leac- 
tions can be used, thcie must be pichminary 
treatments to icmove a consideiable poition 
ol the woithless matciial and to concentrate 
that pait of the oie which contains the metal 


These tieatments aie followed by smellmq, 
and the metal is finally puiifted by a piocess 
of lefinitig 

In the com se ol the pi eliminai y ti eatment, 
the oie IS fiist ciushed and sometimes ground 
to a powdei Iffiis mat ei lal is then sepai ated 
into two 01 more li actions by various meth- 
ods We have alieady (page 555) desciibed 
the oil flotation method of concentiatmg 
01 es Sepal ation may also be effected by 
taking advantage of ditteiences m the lates 
at which vaiious kinds ol pai tides settle in 
water It the pai tides containing the metal 
aie attiacted by a magnet, they can be sep- 
arated by passing the ciushed ore, on a con- 
tinuously revolving belt oi screen, beneath 
a laige electiomagnet m a senes of magnets 
Shaking tables may also be used, if the pai- 
ticles containing the metals aie heaviei than 
those composed ol woithless mateiials 
Cottrell electrical precipitators (page 551), 
or devices based upon the same principle, 
arc sometimes used to sepai ate parts ol the 
ores that leadily become charged, when 
biought into a strong electrreal held, from 
materials not leadrly charged The charged 
partrcles are attracted to the highly charged 
metallic plates of the device, where they are 
discharged 

The preliminary treatment of the ore may 
also include certain chemical changes by 
which the compounds contained in the oie 
aie conveited into substances that aie moie 
easily reduced Most sulfide ores, for ex- 
ample, arc “roasted ” The ores are heated 
in the an to convert the sullrdes into oxides 
of the metals, and to remove the sullui as 
sultui dioxide Ores containing w'atei chem- 
ically combined m hyduites, oi ores contain- 
ing caibonates ol the metals, are usually 
heated to expel the watoi and to decompose 
the caibonates by liberating carbon dioxide 

Aitei the prehminaiy ticatracnt, the ore 
is leady for reduction in the smtdlei This is 
a furnace in which the metal is produced in 
large rpian titles and from which it is drawn 
oH m the liquid condition Since most oies 
contain con.siclerable ipiantities of gangue, 
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even after eoncentiation by the preliminary 
tieatinent, a flin is added to eonvert the 
yangue — ■ the worthless material — • into a 
slag Since the gangue is usually silica oi 
silicates, a basic flux is added This is usually 
lime 01 limestone, which reacts with sihea 
to produce calcium silicate Conveisely, if 
the gangue is a banc substance, such as lime 
01 limestone, which pioduces lime upon 
heating, an acid flux, usually silica, is added 
The slag must be a substance which is easily 
melted and which separates from the fused 
metal, preferably by forming a top layer to 
protect the metal from oxidation As it col- 
lects, it can be diawn off fiom the furnace 
from time to time 

5 Metallurgical Methods 

For the present, we shall consider only the 
most impoitant general types of reactions 
employed m the reduction of metals from 
their 01 es 

(1) The oxide ores aic usually leduoed by car- 
bon This IS the method used, foi example, in the 
production of non 

FeiOi + 3 C — >- 2 Fe -h 3 CO 

Either carbon monoxide oi carbon dioxide may 
be pioduced, depending upon the tempeiatuie 
to which the charge of the luinace is heated and 
the quantity of air supplied If caibon monoxide 
is pioduced at first, it may cause fuithei leduc- 
tion 

FejOs + 3 CO — >■ 2 Fe -h 3 CO, 

Carbon is often used as the reducing agent not 
only foi those ores that occur as oxides, but for 
the oxides that aie pioduced by roasting the 
sulfide 01 es 

(2) Metals that occur in the fieo state aie sep- 
aiated fiom the gangue of then oies by heating 
until the metals are melted, oi by adding sub- 
stances in which the metal dissolves By one oi 
the other oi these methods the metal may be 
separated fiom the infusible oi insoluble poitions 
of the oies 

(3) Aluminum is used to i educe some oxides 
Caibon is not a satisfactory reducing agent for 
some metals because of its tendency to combine 


with them, forming carbides, and also because 
its use lequnes excessively high tempeiatuies 
Reduction by aluminum is used to pioduoe 
chiomiiim and manganese and also to icducc non 
in small quantities in cases wheie two pieces of 
steel are to be welded together The high tem- 
peiaturc tequned to melt the ends of the steel 
pieces which are to be welded is furnished by the 
1 e u’tioii itselt 'fhe inixtiu e containing the oxide 
of the metal and the aluminum powder that re- 
duces it Is called thermit This method of i educing 
metallic oxides was developed by Goldschmidt, 
and so the piocess is called either the thermit oi 
the Goldschmidt process The theimit is placed 
in a dry fiie-clay ciuciblc, which is embedded in 
sand A small amount of an ignition mixtiue is 
placed in a small dcpiession in the top of the 
mass Tins starting mixtuie, which contains 
baiium peioxide and powdeied magnesium, is 
itselt Ignited by means ot a biiinmg stiip of mag- 
nesium ribbon, which is placed in the mixtuie 
and ignited The leaction pioduces enough heat 
to melt tlie metal, which collects in the bottom 
of the crucible with the aluminum oxide on top 
A typical reaction involving the Goldschmidt 
piocess IS shown by the 1 olio wing equation for 
the 1 eduction of chi omium tnoxide 

CuOj -{- 2 A1 — >- AljOa -|- 2 Cl 

(4) Othci 1 educing agents are used m special 
cases Sodium, potassium, and magnesium may 
be used to i educe the oxides oi chlorides of less 
active metals Thus, aluminum was at one time 
pioduced by reducing aluminum chloiide with 
metallic sodium 

Aid, + 3 Na — >- A1 + 3 NaCl 

Hydiogen may also be used in some cases (page 
115) Iron IS sometimes used to leduce stibnite, 
Sb^Sa Free antimony and feiioiis sulfide aie 
pioduced by this leaction 

(5) Electiicity may be used m metalluigy foi 
two jmi poses (a) It may be used to pi o vide the 
heat necesaaiy loi the icaetion and foi the melting 
ol the pioduots In these cases the oies are 
smelted m an olectnc fuinaoe, and caibon is 
added to act as the i educing agent (b) Electiic- 
ity IS also Used moie dnectly m the lecoveiy of 
ceitam metals by employing it in electiolytic 
pmcesscvs Electiolytic methods are used to pro- 
duce sodium, potassium, calcium, magnesium, 
and aluminum Since in many cases the metals 
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would react with water if they wcie depoMted 
from aqueous solutions, baths of fused salts, fused 
hydroxides, or solutions containing some com- 
pound of the metal dissolved in one of its fused 
salts are used Thus, calcium may be deposited 
by the electrolysis of its fused chloride, sodium 
by the electrolysis of the fused hydroxide, and 
aluminum by the electrolysis of a bath containing 
aluminum oxide dissolved in fused ciyolite, 
NasAlFo The passage of the elcctiic cm rent 
serves both to discharge the ions of the metal and 
to maintain the tempeiatuie at the point leqmied 
tor the fusion of the electrolyte. 

6. Refining 

The metals produced directly in most 
metalluigical piocesses lequire furthei puri- 
fication They usually contain portions of 
slag, dissolved gases, and other metals that 
have been i educed simultaneously These 
impurities are not always undesuable, but 
usually fuither refining is necessary in older 
that the metal may possess all of the quali- 
ties that fit it for the purpose for which it is 
produced 

Since refining consists in separating the 
metal from the impurities that it contains, 
advantage is taken of differences in melting 
point, volatility, ease of oxidation, and sinu- 
lai factois Electiolysis is also widely used 
m the rehning of many metals, such as gold, 
copper, lead, zinc, aluminum, and chromium 
Some oies are leached with solutions that 
dissolve the metals These solutions are 
then electrolyzed In othei cases, the im- 
pure metal is used as the anode in an electio- 
lytic cell containing a solution of a salt of 
the metal The lefined metal is deposited on 
the cathode, which is made of pine metal ot 
the same kind 

ALLOYS 

When two or moie metals aie melted to- 
gether and the mass is cooled, the solid that 
forms is called an alloy We find very few 
metals in their pure state in the metallic 
articles that aie familiar to evoiyone Coins, 
jewelry, silver plate, the metallic parts of 


automobiles, tools, ornaments, dishes, all 
these are made of alloys Large quantities 
of nearly pure coppei, iron, and aluminum 
are used, but in most non, particularly, small 
quantities — and sometimes considerable 
quantities — of other elements are added in 
ordei that the non may possess the piopei- 
ties that fit it foi special uses Various kinds 
of steel are alloys of non with nickel, man- 
ganese, tungsten, chromium and other 
metals They also usually contain certain 
percentages of caibon, silicon, and tiaces of 
other non-metals 

7 The Composition and Nature of Alloys 
Alloys are prepaied by mixing two or more 
metals m then liquid states These liquids 
behave m the same way as other liquids 
undei similar conditions They may mix m 
all proportions, they may mix in certain 
propoitions; or they may separate into 
diifeient layeis without mixing at all They 
may also react chemically with each othei to 
produce compounds When the mixture 
cools, the composition of the solid that foims 
depends laigely upon the iclations that ex- 
isted between the metals in the liquid mix- 
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Figure 298 Alleys Are Used in Heavy 
Construction Equipment 

Welded plates of low alloy high tensile nickel-copper- 
monganese steel give strength without adding weight to 
the frame Principal shafts and gears are of nickel** 
chromium-molybdenum steel( heat treated 
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tiue The composition of alloys may, there- 
foie, show the following differences (1) The 
crystals may be those of the pure metals, 
which are segiegated as solidification occurs. 
(2) If the metals foim a solution in the 
fused state, they may give a solid solution 
upon cooling (3) If the metals leact, the 
alloy will contain crystals of their compounds 
Many alloys contain two, or even all three, 
of these states of then components Strictly 
speaking, the teiin alloy refeis to solid solu- 
tions of metals, but the common use ot the 
teim allows it to be applied to all kinds of 
solid metallic mateiials containing two oi 
more metals 

8 Eutectic Mixtures 

In order that we may understand the 
changes that occur when solutions composed 
of liquid metals solidify, let us considei a 
mixtuie of two metals, such as antimony and 
lead These metals form a solution ot one 
in the other, when the metals are heated to- 
gether A small quantity of antimony can 
be dissolved in a large quantity of lead, or 
vice versa Upon cooling, crystals of lead 
foim at first, it this metal is piesent in very 
much laiger quantities than antimony If a 
small amount of lead has been dissolved in a 
lelatively large quantity of antimony, crys- 
tals of antimony separate as the solution 
cools In either case, the temperature at 
which the puic metal ciystalhzes is lower 
than the tempeiature at which it would 
ciystalhze it the other metal were absent 
The melting point of pure lead is 327° C. 
and that of puie antimony is 630 5° C In 
Figure 298, temperatuie is plotted vertically 
and the composition of the alloy is plotted 
horizontally along the bottom line If 
cither metal is melted and the othei is added 
to it in relatively small amounts, the fieczing 
point IS lowered by an amount which in- 
creases with the concentration of the second 
metal The shortei curve shows the differ ent 
tempeiatuies at which lead freezes fiom 
solutions containing different percentages of 
antimony If we diop a peipendiculai line 
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from any point on this curve to the line at 
the bottom, the mtei section will represent 
the composition of the lead-antimony solu- 
tion fiom which pure lead will crystallize at 
the temperature coi responding to the point 
on the curve The longer curve shows the 
effect of inci easing amounts of lead upon the 
fieezing point of antimony If a perpendicu- 
lar line IS drawn from the point where these 
two cLiives meet to the bottom line, the point 
of intei section indicates the composition of a 
mixtuie fiom which both lead and antimony 
will ciystalhze at the temperatuie (247°) 
coi responding to this point This tempera- 
tuie IS called the eutechc temperature and the 
mixture of metals is called the eutectic. It is 
evident that this mixture has a lower freezing 
point than any othei solution of lead and 
antimony 

Let us consider a liquid mixture at a tempera- 
ture of 600° 01 highei and composed of 60 per cent 
antimony and 40 pei cent lead Let us now as- 
sume that the mixtuie is cooled until solidifica- 
tion begins The first crystals will be those of 
puie antimony As antimony is removed from 
the solution, the concentiation of lead will in- 
crease and the freezing point of antimony will be 
reduced, dropping along the curve Finally, the 
freezing point of antimony will be reduced to the- 
tempeiatuie corresponding to the eutectic But 
lead also freezes at this tempeiature from the 
same solution, consequently, the concentration 
of the liquid mixture will no longer change The 
composition of the mass ot ciystals which form 
and that of the liquid will remain the same until 
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solidification is complete Region B in the dia- 
gram lepresents a mixture of lead ciystals in 
melted lead-antimony; C, antimony crystals in 
melted lead-antimony, D, lead crystals and sohd 
eutectic, E, antimony crystals and solid eutectic, 
and A, a mixture of the two metals in the liquid 
state. 

TABLE 39 


A few Alloys 


Composilion 


(per cent) 

Trade name 

90 Al, 10 Mg 

Magnalium 

98 Al, 1 25 Mn 

Aluminum Alloy 3 S 

40-80 Co, 20-35 Cr, 

Stellile 

0-25 W, 0 75-2 5 C 


89 Co 9Zn 2 Pb 

Hardware bronze 

75 Ni 12 Fe 1 1 Cr 2 Mn 

Nichrome 

82 Cu, 15 Mn, 3 Ni 

Mangonin 

55 Cu, 18 Ni, 27 Zn 

Nickel silver 

60 Cu, 40 Ni 

Constonlon 

90 Cu, 10 Sn 

Gun metal bronze 

85 Cu, 15 Zn 

Red brass 

67 Cu, 33 Zn 

Yellow brass 

60 Cu, 25Zn, 15Ni 

German silver 

90 Au, 10 Pd 

White gold 

80 Au, 20 Pd 

Palau 

60 Au, 40 Pt 

White gold 

75 Au, 10-20 Ag, 

18 carat gold 

5-1 5 Cu 


74 Fe, 1 8 Cr, 8 NI, 

Stainless N 

0 18 C 


60 Ni, 33 Cu, 6 5 Fe 

Monel 


We are not to assume, hovvevei, that all alloys 
are eutectic mixtures Some aie approximately 
of the same composition as the eutectic Unless 
the mixture of metals in the liquid state has ex- 
actly the composition of the eutectic, it is evident 
that the solidified mass must contain segregated 
crystals of one of the metals The metal pre.sent 
m excess must crystallize alone befoie the eutectic 
temperature is reached It very often happens, 
as mentioned previo\i&ly, that the solidified mass 
may contain, also, crystals of a com])ouiid of the 
metals or their solid solution In gcnei al, it may 
lie said that an alloy winch is as neai the eutectic 
in composition as possible, has the most homo- 
geneous, fine-giained stiuctiire and is the mo.st 
serviceable 

9 Properties of Alloys 

The pioperties of an alloy cannot be pie- 


dicted fiom its composition As shown 
above, the freezing or melting point of a 
binary alloy may be lower than that of eithei 
component, but tins is not always tiue 
Amalgams, which are alloys containing mei- 
cuiy, are usually solids at ordinary tempeia- 
tuies, although meicury itself is a liquid at 
these same tempeiatures and docs not ficozo 
until it IS cooled to —39° C II the alloy is 
composed essentially of a sohd solution, it 
may melt at a temperatuie which is between 
the melting points of its components 

The haidneSs oi an alloy is usually greater 
than that of the puie metals composing the 
alloy The coloi, sometimes, is what we 
might expect from a mixture of two metals of 
diffeient colors Brass is made less red than 
copper by the presence of zinc, but often the 
color of the alloy fails to i eveal the effect of 
the color of one metal, and it may be entirely 
diftcient liom that of either. A five-cent 
piece does not show by its color that it con- 
tains any copper, and silver and gold may 
be alloyed to form "gieen gold ” The alloy 
IS usually a pooiei conductor of electiicity 
than its components In general, it is more 
lesustant to chemical changes, such as corio- 
sion If the alloy contains compounds of 
metals with each other, oi compounds of 
metals with non-metals, its piopeities are 
usually veiy much dilfeient from those of its 
components 

10 The Structure of Alloys 

The stiucture of an alloy depends upon 
seveial conditions When a solution of fused 
metals cools, crystals of one metal foim at 
first, and the solution becomes less iich m 
that component As cooling continues, the 
ciystals of the fiist metal that separates be- 
come large! Finally, the eutectic tcmpeia- 
tiire and the eutectic composition of the solu- 
tion aie leached At this point, the solution 
remaining ciystallizes, usually, as small 
ciystals of both metals Hence, alloys made 
in this manner usually contain laige crystals 
of one metal embedded in a matiix of veiy 
smal I crystals of the eutectic mixtu i e Alloys 




COMPOUNDS OF METALS 


649 


made by rapid cooling and from mixtures 
having a composition near that of the eutec- 
tic mixtuie aie usually composed of small 
crystals and have a fairly homogeneous 
sti Lictui c These ai e chai actei istics that ai e 
desirable in many alloys 

COMPOUNDS OF METALS 

The most impoitant compounds of the metals 
can be classified as oxides, hydroxides, and salts 
The oxides of the metals above mercuiy m the 
electrochemical series may be prepared by allow- 
ing the metal to react directly with oxygen They 
may also be piepaied by heating the hydroxides 
of all the metals below barium The oxides of all 
the metals except those of the alkali family can be 
prepared by decomposing the carbonates or ni- 
trates The hydi oxides of all the metals, except 
the alkali metals, baiium, and to a lesser extent, 
stiontmm and calcium, aic slightly soluble and 
can be piepaied by adding sodium hydroxide to a 
solution of a salt of the metal A few of the hy- 
droxides can be prepaied by treating the oxides 
with water, this is true, foi example, foi the 
oxides of calcium, strontium, baiium, and inag- 
nesium 

1 1 Salts of Metals 

The salts of the metals are prepared by many 
different kinds of reactions The following sum- 
mary lists some of the most common ways of 
pioducing them 

(1) Achon of Acids Salts may be foimed by 
the action of the appiopnate acids upon the 
oxide, hydroxide, caibonate, sulfide, oi sulfite of 
the metal Certain metals may also be converted 
into salts directly by allowing them to react with 
acids As examples of leactions of this kind, we 
may recall the ioimation of zinc chloride when 
zinc reacts with hydiochlouc acid, of cupric ni- 
tiatc when coppei dissolves in nitiic acid, and of 
ciipiic sulfate when hot concentrated sulfuric acid 
acts upon coppei 

(2) Direct Combination Some salts are easily 
piepaied by heating metals and non-metals 
Many metals combine directly with chloiine to 
form chlorides, with bromine to foim bromides, 
and with iodine to form iodides They also com- 
bine upon heating with sulfur 

(II) Liberation of Volatile Atids We have noted 
seieial instances in which a non- volatile acid 


hbeiates a volatile acid from its salts Thus, sul- 
furic acid will libel ate hydiochlouc acid from 
chlorides, acetic acid from acetates, nitric acid 
trom nitiates, hydrofluoric acid from fluorides, 
and so on In each of these cases, a salt of the 
stiong acid is produced The escape of the vola- 
tile acids causes these reactions to run to com- 
pletion If watei is piesent and if the volatile 
acid IS soluble in it undei the conditions employed, 
the leaction is not complete and pioceeds only 
until equilibrium is attained 

(4) Precipitation Methods Double decomposi- 
tion leaetions may be used to produce new salts 
fiom (a) two oiigmal salts, (b) a salt and an acid, 
or (c) a salt and a base If one of the products of 
the 1 eaction is only slightly soluble in the medium, 
it will precipitate, causing the reaction to be more 
complete and making it possible to sepaiate the 
two piodiicts from each othei by filtration If 
both products precipitate, the reaction may be 
even more nearly completed, but the sepaiation 
of the pioducts is likely to prove difficult Ex- 
amples of leaotioiis that produce salts by double 
decomposition are given below 

(Na+ -t- C1-) -h (Ag+ + NO3-) 

AgClI-l- (Na++ NOs-) 
(Ba++ + 2 C1-) -f (2 11+ + SOr) 

BaS04 + -j-2(H+-hCl-) 
(Cu++ -h 2 C1-) -f 2 (Na+ + OH") — >- 

Cu(OH)j ■\-+2 (Na+ -|- Cl") 
(Ba++ + 2 C1-) -f (2 Ag+ + S04=) — 

BaSOi 1-1-2 AgCl i 

(5) Reduction and Oxidation The direct com- 
bination of metals with non-metals is, of course, 
an example of salt foimation by oxidation and le- 
duction We refei here, however, to othei cases 
of oxidation and reduction in which compounds of 
metals, which may be salts themselves, are oxi- 
dized or reduced Thus, lead sulfide may be 
oxidized by hydiogen peroxide to form lead 
sulfate 

PbS -I- 4 H2O2 — >- PbSO, I -1- 4 H2O 

Barium sulfate is reduced, when it is heated with 
carbon, to baiium sulfide 

BaSOi -I- 4 C — >- BaS -f 4 CO + 

Potassium permanganate is reduced to manga- 
nous chloiide (MnCh) by the action of HCl 

(6) Fusions Double decomposition leactions 



The Solubility of Salts 



=*■ Lead chloride is moderately soluble 

** The sulfides of Mg, Ba, Ca, Sr, A], and Cr are strongly hjdroljzed by water, the sulfides of the first four of these metals foim soluble acid sulfides, while 
the sulfides of A1 and Cr are converted into insoluble hydroxides In other cases hxdrohsis may result m the formation of insoluble lompounds, thus, the 
hydrolysis of bismuth chloride, which is soluble produces insoluble bismuth oiychlonde, BiOCl soluble, insoluble 
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may occur when certain solid siihstancea are 
lieated togothci until they melt The melted mass 
acts as a solution of one salt iri the othei Let us 
consider the reaction between barium siillate and 
sodium carbonate The former dissolves only 
veiy slightly m vvatei Consequently, there is 
vei y little oppoi tunity f oi a double decomposition 
between these two substances, when barium sul- 
fate IS ti Gated with an aqueous solution ol so- 
dium caibonate But if the two substances are 
mixed in the dry state and heated, we find that 
the barium sulfate dissolves more readily in the 
melted sodium carbonate than it does in watei 
A leaotion consequently occurs, and sodium sul- 
fate and banum carbonate are formed The 
latter is not soluble m the melt, and its precipita- 
tion helps the reaction to go to completion 

(Ba++ + 804-=) -h (2 Na+ + COa“) — >- 

BaCOai -h(2 Na++80r) 

If the fused mass is allowed to cool and is then 
placed m hot watei, the two pioduots can be 
separated The sodium sulfate dissolves and the 
baiium caibonate does not The latter may be 
removed by filtration, and can be treated with 
acids to form othei desiied salts, such as the 
chlonde, mtiate, oi acetate of barium This 
procedure is often used in conveiting insoluble 
salts of the metals, such as baiium sulfate, into 
soluble compounds, which can then be detected 
by analytical tests, or which may be used, on a 
laigei scale, foi commercial oi laboiatoiy pur- 
poses 

12. Important Classes of Salts 

The anions found m the most widely used salts 
of the metals aie few in number The most ex- 
tensively used salts of the metals aie mtiates, 
chlorides, sulfates, acetates, carbonates, phos- 
phates, sulfides, and silicates The solubilities 
of these salts in water vary greatly, although it is 
possible to classify them as relatively soluble oi 
relatively slightly soluble, and this we have at- 
tempted to do 111 the accompanying table (Table 
40) Familiarity with the general solubility rela- 
tions shown in this table is of extreme importance 
to the chemist oi to the student of chemistry 
With the help of this infoimation it is possible to 
pi edict whether double decomposition leactions 
mvolviiig these salts will occui oi how complete 
such leactions will be This infoimation is also 
helpful in deciding the methods to be employed in 


the pioduction of these salts, and also in produc- 
ing other substances from them 

Review Exercises 

1. Siiminanze the pnnoipal differences between 
the elements that are classified as metals and 
those that are classified as non-metals, Con- 
sidci chemical properties and atomic struc- 
tures 

2 Define ore, gangiie, flux, slag. 

3 L)e.sciibe some of the methods that aie most 
generally used in the pioduction of metals 
hom then ores 

4 What faetnis determine the amount of a 
metal that is used'^ Illustrate by referring to 
the production of the following metals iron, 
aluminum, sodium, and coppei 

5 Why IS aluminum mine expensive than zme? 

6 What IS an alloy‘d How do alloys differ from 
one another m composition'i’ 

7 Define cutcctic mixture Starting with a 
mixture containing equal weights of lead and 
antimony at a temperature ot 600°, describe 
the natuie of the crystals that form as the 
mixture is cooled 

8 Staitmg with banum sulfate, describe the 
methods that you would use in preparing 
banum acetate 

9 Desciibe the methods that you would u.se 
in converting the following substances into 
the products indicated sodium chloride into 
sodium sulfate, silver mtiate into silver 
chloride, baiium cbloiidc into barium sulfate, 
calcium caibonate into calcium nitrate, and 
sodium caibonate into sodium sulfate 

10 How would you separate sodium chloride 
fiom silver chlonde'^ Starting with a solu- 
tion containing lead {Pb'''++) and cupiic 
(Cu++) ions, what reagent could you add that 
would precipitate the lead ions from the 
solution mthout precipitating the cupric lons'^ 

11 What does the extent of hydrolysis of the 
chlonde of a metal indicate concerning the 
stiength of the metal's hydroxide as a base 
and the general basic character of the metal? 

12 The solubility of banum sulfate at 18° is 
0 00001 g mol wt per liter What weight 
in grams of barium sulfate is contained in 
100 ml of a saturated solution? 

13 A solution at 18° contains 0 01 g atomic 
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weight of barium, as Ba++ ions, per liter and 
an equal concenti’ation of sulfate ion What 
ks the weight of the precipitate of barium sul- 
fate that forms m one liter of this solution^ 

14 A solution containing barium chloride is 
treated with a solution of sodium sulfate, 
and the precipitate of barium sulfate is re- 
moved by filtiatioii If the concentration of 
the sulfate ion in the filtrate (at 18°) is 0 001 g 
ion weight of SOr per liter, what is the con- 
centration of the barium ion in the same 
solution? 

15 Refer to Table 38 (page 642) and answer the 
following 

(а) Which feels coldei to the hand, lead or 
silver’ 

(б) Which would liberate more heat when 
cooled 10°, 1 g of bismuth oi 1 g of iron’ 

(c) What metal is a better conductor of elec- 
tricity than coppei’ 

(d) Which would seive better as resistance in 
an electric heater, silvei or molybdenum? 

(e) What two desirable properties does 
tungsten have as a filament in an electiic 
light bulb? 

16 Starting with a solution that contains, the 
nitrates of barium, silver, and nickel, what 
ions would you add to precipitate first silver, 
then nickel, and finally barium? What ion 
(amon) could you add to the mixture that 
would precipitate barium only? 

17 Barium sulfate does not dissolve in a solution 


containing hydiochloiic acid but barium 
carbonate does Explain 
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THE ALKALINE EARTH METALS 

The atomic weight of magnesia as determined hy D) 
Thomson is £0 Consequenili/ this alkaline hose is 
composed of magnesium 12, or one atom, and 
oxygen S, or one atom 

TunNEE, 1828 

(Illusl) olioe of the confusion existing in the early 
nineteenth century ) 


1 Introduction 

In the oaily days of cheraisti a-- the suh- 
stances now locognizcd as slightly soluble 
oxides of metals, such as Fe 203 , wcic called 
“eaitlis” A few of these “eaiths” weie 
known to foim alkaline mixtuies with watei 
and, in general, to resemble the alkalies 
Foi this leason they weie called the alkaline 
earths Until the eai ly part of the nineteenth 
century, the alkaline eaiths weie thought to 
be elements In 1808, Davy showed that 
this idea was erioneous, and that these 
earths, oi lather the coiiesponding hydrox- 
ides, can be decomposed electiolytically, m 
the same manner that sodium hydi oxide 
(page 377) is decomposed to foim metallic 
sodium By clcctiolyzmg the fused hydiox- 
ides of the alkaline eaiths, Davy produced 
foui metals, which he called calcium, stron- 
tium, magnesium, and barium These ele- 
ments, together with beryllium and ladium, 
aie the metals to be studied in this chaptei 

The lelationship between beiyllium oi 
magnesium and the othci metals of the fam- 
ily is someivhat obscure Fiequently, these 
tAvo elements are placed m the B division of 
gioup tAvo along Avith zinc, cadmium, and 
meicuiy Their atomic structures, however, 
shoAv that they aie more closely related to 
calcium, strontium, and baiium, than to 
zinc, cadmium, and mercury Stiucturally, 


all the metals of the A division of this gioup, 
including bet vlhura, magnesium, and radium 
cUe clmiacteiizcd by two elections in the 
outermost level Fuithermoie, m the atoms 
of each of these elements, the level next to 
the one on the outside is composed of a 
stable group of eight electrons (tAvo for beryl- 
lium), a group like that found in the outei 
shell of the atom of one of the inert gases 
This IS not true of the atomic structures of 
the B division elements, in which the outei 
shell, after the remoAml of the valence elec- 
trons, contains eighteen electrons instead ot 
eight 

2 General Physical Properties 

The elements ol this family are decidedly 
metallic m appearance and in then general 
physical piopeities They have a blight 
Avhitc liistei on neAvly piepaied suifaces, but 
they leadily taimsh in an oi oxygen Beiyl- 
hura and magnesium, hoAvcvei, tarnish less 
leachly than the ofheis All the metals of 
this group aie i datively light, the density 
of the heaviest (ladium) being less than that 
of non, nickel, copper, or zme They aie 
good conductors ol the electiic ciiiient, and 
although somewhat buttle, they are ductile 
and malleable to a certain extent In general, 
they aie not so soft as the alkali metals 
Beiyllium is veiy hard, but the hardness of 
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the metals of the family deci eases with in- 
creasing atomic Aveight 

3 General Chemical Properties 

Each of the metals has only one valence, 
positive 2 They form oxides coriespondmg 
to the toimula XO, hydi oxides X(OH) 2 , 
and salts XCh The hydi oxides aie basic 
and nevei acidic, except beryllium hydrox- 
ide, which IS amphoteiic The oxides of the 
five heaviest metals of the family react 
readily with watei to foim hydi oxides, which 
are incieasmgly soluble and possess moie 
strongly basic piopeities as the atomic 
weights of the metals mciease Magnesium 
oxide leacts slowly with watci, and the 
hydi oxide is less soluble and acts as a weakci 
base than calcium hydroxide Barium hy- 
droxide is more soluble and acts as a stiongei 
base than the hydroxides of magnesium, cal- 
cium, and stiontium, in a 0 1 N solution it is 
appaiently 77 per cent ionized Beryllium 
oxide does not icact with water 

The activity of the metals, themselves, 
also increases AVith inci easing atomic weight 
Magnesium decomposes cold watei slowly, 
but barium leacts very much more lapidly 
Coi responding to the increase in activity the 
electrical potential between the metal and 
its ion also mci cases with inci easing atomic 
weight The electrode potential foi mag- 
nesium IS 1 9 volts, while for baiiura it is 
almost as great as for potassium, 2 9 volts 
All of the metals will bum in oxygen oi m 
air, when heated They also react ivith 
nitrogen to form nitiides They combine 
readily with many of the non-metals, such 
as sulfui and the halogens They also lib- 
erate hydrogen from non-oxidizing acids, 
and beryllium, because ol its amphoteiic 
chaiactoi, liberates hydrogen from sodium 
hydi oxide 

4 Occurrence 

None of these metals occur ficc in natuie 
because ol the cxtieine ease ivith winch they 
combine with other elements The most 
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abundant compounds of each metal are 
listed below 

5 Beryllium 

The most impoitant mineral containing 
this element is hcryl, beiylhum aluminum 
silicate When this mmeial contains chro- 
mium it IS colored gi ecu and is called emerald 

6 . Magnesium and Calcium 

These two metals are much moie abun- 
dant in the earth’s crust than the others of 
this family They aie found in hme&tone, 
CaCOa, dolomite, MgCOjCaCOi, magnesite, 
MgCOa, laic, ri2Mg,i(SiOi)4, flimspar, CaFa; 
ashestos, CaMg 3 (Si 03 )i, gypsum, CaS 04 - 
2 H 2 O, Meerschaum, a hydrated magnesium 
silicate, and spinel (magnesium aluminate) 
Magnesium and calcium salts ai(' also pies- 
ent in sea uatci and in deposits ot salts 
which have been formed by the evapoiation 
of sea water Calcium, and magnesium to a 
much smaller extent, aic found in vaiious 
plant and animal structuics and piodiicts 
Bones contain calcium phosphate as their 
essential inorganic constituent 

7. Strontium and Barium 

Stronhuni occuis piincipally as celcslile, 
SiSOi, and stronliamle, SrCOi Banum oc- 
cuis in natuie as bank, BaSO^, and withente, 
BaCOj The oecuiiencc of radium has been 
dcsciibed previously (page 263) 

PRODUCTION AND USES OF THE METALS 

8. Production of Beryllium 

Since pure beryllium is ol little use, an 
alloy, especially an alloy with coppei, is 
usually produced coinmei cially instead of l,he 
puie metal Fust, beiylhum oxide must be 
pioduced fiom the oie, henjl, which is a 
silicate of aluminum and beiylhum The 01 e 
IS heated until it begins to melt and is then 
cooled quickly by pouring into cold water 
The mass is then tioated with sulfuric acid, 
which foims the sulfates of aluminum and 
beiylhum Watei and ammonium sulfate 
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are added, and as the solution is evapoiated, 
ciystals of the alum, ammonium aluminum 
sulfate, are foimed These crystals aie re- 
moved, and the beiyllium sulfate is then 
ciystalhzed by fuither evaporation of the 
solution The sulfate is then conveited into 
the hydroxide, which when heated forms the 
oxide An alloy ol copper and beryllium is 
made by reducing the oxide in an electiic 
furnace by means of coke Coppei, oi an 
oxide of coppei , is added at the same time 
Beiyllium itself can be pioduced by the 
electrolysis of fused beiyllium chloiide or of 
a fused mixtuie of the oxide and fluoiide. 

9. Production of Magnesium 
This metal was fust pioduced commci- 
cially by the electrolysis of fused magnesium 
chloride, which was obtained laigely from 
the banes of salt wells It is now pioduced 
by seveial diffciont methods fioin magnesite, 
dolomite, and from magnesium chloiide ob- 
tamed by a senes of reactions fiom the 
magnesium ions in sea watei 
Two processes are used to produce mag- 
nesium fiom magnesite In each process the 
magnesite is first converted into magnesium 
oxide by calcination 

MgCOs —V MgO -h CO, f 

The oxide is then reduced by powdeied coal 
at a tempeiature somewhat above 2000° 
As magnesium is produced, it vaporizes, 
and the vapoi , upon cooling in an atmosphere 
of hydrogen, forms small crystals of lathei 
impure magnesium The metal is pui ihed by 
distillation undei greatly reduced piessuic 
In the second process, the magnesium 
oxide produced from magnesite is heated 
with coal, and chlorine is passed over the 
mass The folloiving icaction occiiis 

MgO -p C Cl, — ^ CO -|- MgCl, 

The magnesium chloiide is purified, and it is 
then electrolyzed to produce metallic mag- 
nesium 

Dolomite is calcined to produce calcium 
and magnesium oxides, which are then 


heated with feriosiliron in an clcctiic fuinaco 
Silicon reduces magnesium oxide to the 
metal and foims silicon dioxide, which re- 
acts with calcium oxide to form calcium sili- 
cate The magnesium vapoi ize.s as it is 
produced, and the ciystals that foim upon 
cooling aie puiifled by distillation iindci 
gioatly reduced piessuie 

In the production of magnesium fiom sea 
w'atci , magnesium hydi oxide is first produced 
liy tieatmg sea w^ater with milk of lime, 
Cki(()H )2 The magnesium hydi oxide that 
pi ecipi tales a,s a lesiilt of this ticatment is 
iccovered by means of suction filters The 
residue is then mixed with a concentrated 
solution of magnesium chloride, and finally 
it IS tieated with hydrochloiic acid, which 
converts the hydroxide into chloride Mag- 
nesium chloiide is then puiified by a series 
of evapoiations and ciystallizations, and the 
piue, fused chloiide is electiolyzcd The 
melted magnesium is removed fiom the cells 
in ladles and poiued into molds, w'heie it 
solidifies as bars, the puiity of which is about 
99 9 pci cent Sodium and potassium chlo- 
iides may be added to lower the melting 
point of the bath 

1 0. Production of Calcium, Strontium, and Barium 
These metals aie pioduced by the elec- 
trolysis of their fused chlorides or fluorides 
The production ot calcium in a simple electric 
cell is shown in Figure 300 The salts of the 
metal are melted in a graphite vessel, which 
serves as the anode The cathode is made of 
non and dips just below the suriace of the 
liquid Calcium is deposited on the iron 
cathode and is made to foim a stick of the 
metal when the cathode is slowdy raised as 
electrolysis proceeds This stick of calcium 
acts, theieloie, as the cathode of the cell 
In the cells used to produce metallic calcium 
in large quantities, graphite anodes are sus- 
pended in the bath of fused calcium chloride 
The metallic calcium is deposited on the top 
of an non cathode, which is contmiiously 
laised as electrolysis proceeds, or it is liber- 
ated on an iron cathode in the bottom of the 
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cell, from Tvhich it uses as globules of the 
melted metal and is collected by lieing caused 
to solidity on a block ot calcium which is 
slowly ULised 

The method of produemg stionhum is, in 
general, the same as for calcium, but the 
prepaiation is much more difhcult Metallic 
banum is usually prepared by the electrolysis 
of fused baiium chloude or by the reduction 
of a mixture of baiium oxide and banum 
peroxide by means of aluminum m a special 
type of vacuum furnace which is electiically 
heated 

1 1 . Beryllium and Its Uses 

This metal is veiy haid and has a biight, 
shiny luster It is difficult to pioduce, ex- 
pensive (about $15 pei pound), and is used 
only to a hiuited extent, largely m the pio- 
duction of a few alloys to which it adds 
lightness, haidness, and stiength An alloy 
ivith copper containing about two pei cent 
of beiylhum (page 655) is peihaps the best 
known and most widely used ol the bei vlhiim 
alloys This alloy, when cooled rapidly, is a 
soft, solid solution of beiyllium m coppei 
It becomes hardei and stiongci when heated 
foi some Lime to a tempciatuie of 400° to 
500° Dmmg this heat tieatment some of 
the beryllium sepaiates fiom the solid solu- 
tion as ciystals of veiy small size dispeised 
throughout the eoppei This alloy is very 
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lesistant to corrosion and is used to make 
siumgs of I'oniailcable resiliency and le- 
sistance to fatigue Coppei-boryllium and 
nickcl-beiylhum alloys aie used to make 
some ot the paits ol an plane motors 

12 Properties and Uses of Magnesium 
Magnesium has a density of 1 74 and is 
like silver m appearance It does not leact 
veiy readily with oxygen at low temperatures 
because of the formation of a thm coating of 
oxide or ba,sic caibonate on the suiface 
This coat protects the metal from fuither 
oxidation It is used in the manufacturing 
ol signal flaies and flashlight powdeis, to 
icmovc gases fiom ladio tubes, to deoxidize 
and to lemovc nitiogen and sulfui fiom cci- 
tain metals, such as coppei, and nickel allovs, 
and in the pioduction of vaiious magnevSium 
alloys Added to aluminum it forms the 
alloys called magnahum and duralumin 
which aie light and possess high tensile 
stiength Dow nielal is also an alloy of simi- 
lai pi Opel ties, it contains aluminum, zinc, 
and appioximately 90 pei cent of magnesium 
It can be cast, foigcd, piessed, lolled, and 
diawn, and hence it can be ptoduced and 
used in almost any ioim, including plates, 
lodb, and tubes Such metals as these alloys 
ai c now widely used in aiiplanc const) uction, 
in the pistons of motois, and clsewheie to 
seciue lightness without loss of stiength in 
bulky stiuctures and devices, such as tiucks 
and lailway cais C'ommercialIj% magnesium 
is by far the most important ot the metals ot 
this family 'Phe pioducing capacity ot the 
United States duung Woild War II has been 
estimated as about 725,000,000 pounds pci 
annum 

13 Properties and Uses of Barium, Calcium, 
and Strontium 

Metallic bauum is used to remove gases 
in the raanufactmo of radio tubes and to 
lemove oxygen in the refining of coppei An 
alloy of bauum and nickel is used to make 
the points of spaik plugs, bauum is useful 
foi this puipose because of the ease with 
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which it emits elections when it is heated 
One of the most important alloys of baiiiim 
IS Frwy metal, which contains lead, baiium, 
and calcium This alloy is used as a heaimg 
metal Baiium is a silveiy white metal 
It IS almost as soft as lead It combmes 
leadily with oxygen, even igniting spontane- 
ously in moist ail It is much moie active 
than beiyllium, magnesium, and calcium and 
slightly more active than stiontium 

Calcium IS a white, silveiy metal ivhcn 
fleshly piepaied, but it combines readily 
with both oxygen and nitrogen and tarnishes 
to piodiice a giay and slightly yellow sui face 
It tends to have a ciystallme stiucture, and 
IS much haidei than baiium It is, houevoi, 
malleable and ductile Its use m piepaimg 
bearing metals has been suggested above 
(Frary metal) Because of its tendency to 
react with ■\vatci, the metal is sometimes 
used in diymg oigamc liquids, such as alco- 
hol It is an excellent loducing agent and 
would undoubtedly lie used in lliis isapacity 
in reducing the oxides of othci metals and 
othei substances, in the place of metallic 
sodium, if it could be pioduccd at a moie 
leasonable cost It is used to produce cei- 
tam metals such as chiomiuin, thoiium, and 
cesium by reduction of then compounds It 
has also been used in deep-sea sounding de- 
vices, in which its use depends upon the le- 
action of the metal with watei to libeiate 
liydiogen In lecent yeais, scveial new uses 
foi calcium have been intioduced Small 
amounts have been found to be of value in 
the lead used in stoiage batteiies, it is used 
in the pioduction ot steel, nickel, magne- 
sium, aluminum, and othei metals, in the 
piiufication ol lead, and ioi othei puiposes 

Stiontium has the same gcnoial piopcitics 
as calcium and can be piodiiced by similar 
methods, because it is not abundant and 
thcicloie IS costly to pioduct', it has no com- 
meicial uses 

COMPOUNDS OF CALCIUM 

Although magnesium is the most impor- 
tant metal ol the group, the compounds of 


calcium lank fust This element has many 
compounds that occui natuially, the most 
impoitant of which are limestone and dolo- 
mite, phosphoiite, gypsum, and fluoispai 
Most ot the compounds of calcium that are 
manutactuied are made fiom the caibonate 
(limestone), This substance reacts readily 
with acids to toim salts because of the lib- 
eiation of caibon dioxide The salts pro- 
duced aie puiilied by repeated crystalliza- 
tions The caibonate decomposes readily 
when it is heated, liberating carbon dioxide 
and forming the oxide, which is an impoitant 
commeicial substance itself and also serves 
as the starting material in the manufacture 
ot othei calcium compounds 

14 Calcium Oxide (ClaO) 

This IS the sulistance commonly called 
qiiwhlime It can be pioduced by heating 
the metal in the air, but this process is, ot 
couise, impiactical because of the cost of 
piepaimg the metal It is produced com- 
mercially by the calcination ot limestone 

CaCOs CaO -h CO 2 

Since this reaction is levcisible, the carbon 
dioxide must be removed rapidly in order 
that the decomposition of the limestone may 
be complete It the leaction occurs in a 
closed vessel, equilibrium is reached as soon 
as the pressuie of the caibon dioxide in the 
closed space becomes equal to the dissocia- 
tion piessuie of the calcium caibonate In 
01 del to avoid the pioduction ot equilibrium, 
the reaction is carried out in a continuous 
cm lent of air, which sweeps the caibon diox- 
ide away from the solid materials as rapidly 
as it IS ioimed Furthermore, if the reaction 

15 earned out at 900°, 01 at a highei tempeia- 
tuie, the dissociation pressuie is greater than 
the pressure ot the air with which the caibon 
dioxide mixes, hence there is no chance, at 
this temperature, that the carbon dioxide can 
collect in sufficient quantity to produce a 
piessure that exceeds the dissociation pies- 

SlllC 

Lime IS made commercially m kilns, ivhicli 
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are large chimnoy-like furnaces about 60 feet 
in height and 10-15 feet in diametei They 
may be either “stiaight up and down,” or 
they may have a bowl two thirds of the way 
down with tapering walls both above and 
below Limestone is dumped m at the top, 
and the lime is diawn off into cais at the bot- 
tom Heat foi the calcination is supplied by 
fire boxes near the bottom These open di- 
rectly into the kiln and provide a diatt, 
which diaws in an at the bottom of the kiln 
to aid in removing the carbon dioxide At 
one time, the long flames of wood flies iveie 
thought to be necessary in making lime, but 
now coal is usually the fuel employed in the 
lime kiln, and gas is sometimes used The 
tempeiature at which the caibonate is de- 
composed is around 1000° C Very high 
tcmpeiatures pioduce “dead-burned” lime, 
which IS lelatively ineit, probably because 
of the fusion of the silicates contained in the 
stone or made by the reaction of the lime 
with silica Lime is also produced in rotary 
bins, similar to those used m the cement 
industry (page 664) Powdered coal or gas 
IS used as fuel in these kilns 
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Commercial lime may be slightly brown or 
yellow m color due to the presence of iron 
compounds and other substances The pure 
oxide is white It melts at about 2570° and 
boils at 2850° When heated to a high tem- 
perature, such as that of the oxy-hydrogen 
blow pipe, it emits an intense light, called 
“lime-hght ” Freshly prepared lime reacts 
vigorously ivith water to form the hydroxide 
and to libci ate heat m lai ge quantities This 
reaction is called “slaking,” and m commer- 
cial practice the hydroxide is called “slaked 
lime” 01 “hydiatcd” lime It is not, of 
couise, a hydiate 

CaO -(- IHO ^ Ca(0H)2 -P 16,000 cal 

Since it combines leadily with water, calcium 
oxide is often used as a drying agent for such 
substances as alcohol and ammonia Mixed 
with sodium hydroxide (solid) it foims 
“soda-lime,” which is used to diy gases and 
at the same time to lemove carbon dioxide 
from them When “quicklime” is left ex- 
posed to the air toi some tune, it becomes 
“air-slaked ” This means that it absorbs 
water from the an to form the hydroxide 
At the same time it also absorbs some carbon 
dioxide to form calcium carbonate “Aii- 
slaked” lime is practically woithless 

The normal annual pioduction of lime in 
the United States is about 4,000,000 tons 
Because of the abundant deposits of lime- 
stone it can be produced m almost all paits 
of the country Those limestones which con- 
tain raoie than four or five per cent of mag- 
nesium carbonate produce limes which hy- 
diatc slowly and aio not so dcsiiable for some 
purposes as lime made fiorn more nearly 
pure calcium carbonate The limes contain- 
ing magnesium oxide, and particularly some 
of those produced from dolomites, aie, how- 
evei, more satisfactory for some purposes 
than the high calcium limes This is true, 
for example, in the manufactuie of the 
“slaked” lime that is used on walls as the 
finishing coat of plaster 

Other uses of lime include the following 
as a flux in the smelting of many ores of the 
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mctalp, in the manufactiire of glass, as a pol- 
ishing poivdei (Vienna lime), and in the 
production of calcium caibide, calcium cyan- 
amide, etc 

15. Calcium Hydroxide, Ca(0I-I)2 
The pioparation ol this substance fiom 
calcium oxide has been described in the pre- 
ceding section If heated to 450°-500°, the 
hydroxide decomposes into water and cal- 
cium oxide Calcium hydi oxide is a white, 
powdei y substance Conti ai y to the genei al 
lule, its solubility m watci inci eases as the 
tempeiatuic dccioases 

Solubility of Calcium IIyuhoxidh 


(in iOOO ml of watei) 

10° 

17Gg 

20° 

1 65 g 

50° 

128g 

100° 

08 g 


Calcium hydi oxide has many uses It is a 
model ately stiong base, and because of its 
low cost it IS often used when a base is re- 
quired For this puiposo a solution in water 
(limewatei), oi a suspension of the solid in 
watei, can be employed The following aie 
some of its most impoitant commeicial ap- 
plications the pioduction of ammonia, so- 
dium hydi oxide, bleaching poirder, and in- 
secticides, such as lime-sulfui sprays, the 
tieatment of acid soils, the removal of hair 
fiom hides m making leathci, the softening 
of watei, the pioduction of moitar, piaster, 
stucco, and similar stiuctuial materials, and 
the manufactuie of paper, glass, cement, 
and whitewash 

16 Mortar 

This niateiial is made by mixing alioiit one pait 
of calcium hydioxide (slaked hine) with three 
parts of sand and adding enough watei to make 
a thick, pasty mass The haidemng of moitai 
involves several changes (1) the watei evapo- 
lates, (2) carbon dioxide is absoibed from the air 
and forms calcium caibonate, (3) there is also a 
slow reaction that forms calcium silicate The 
sand makes the moitar moie porous and prevents 
undue shrinkage upon drying Mortal may also 
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contain cement It is used to hold in place vaii- 
ous structural inateiials, such as stone, buck, tile, 
and concrete blocks 

Plaster At one time the mterioi walls of 
liuildings weie coveied with plaster made fiom 
calcium hjxh oxide, sand, and haii, with a “finish 
coat” of pine slaked lime Most of the plastei 
used toda 3 r is cniiiposed pnncipally of plastei of 
Pans (2 CaSOiHjO) Stucco is plaster which is 
used to eovei the outside walls of buildings It is 
composed of sand and a mixture of lime and 
cement to bind the grams of sand togethei 
Stucco has been used for about 5000 yeais Until 
the use of ccrnoiit was developed, it consisted of a 
mixtuie of sand and lime 

17 Calcium Carbonate (CaCOs) 

This IS the most abundant calcium com- 
pound found natuially It has two crystal- 
line loiins, both of which aie found in the 
eaith Calcile, the more stable of the two 
foims, eiystallizes in the hexagonal system 
Aiayonite eiystallizes m the ihombic system 
Upon heating, the lattci changes into the 
former, but at oi binary temperature the 
change is vciy slow 

The most familiar foim of calcium cai- 
bonate is limestone. This occm s as stratified 
layeis of lock, which have been formed by 
the deposition of calcium caibonate on the 
flooi s of seas Subsequent geological changes 
have elevated the deposits above the surface 
of the water and have conveited them into 
haid masses Other deposits of sandstone 
and shale may latei have been deposited 
upon the limestone, which is often found 
below stiata of these rocks Limestone is 
nevei pm o calcium carbonate Its color may 
be white, yellow, blown, blue, giay, or black 
because of impuiities Almost all limestones 
contain some magnesium carbonate, clay, 
sand, and compounds of non and aluminum 
Some contain consideiable quantities of 
oiganic material The fossil remains of 
vaiious shell-cieatuies of the seas in which 
the deposit was foimed aie very often found 
in the lock 

Othei natuial forms of calcium carbonate 
are chalk, marl, a mixture of calcium carbon- 



660 


THE ALKALINE EARTH METALS 


ate and clay, Iceland spai, winch is piacti- 
cally puie calcile, maiUe, which has been 
made from limestone undei the influence of 
heat and high piessuies, and which is com- 
posed of small crystals of cal cite, pearls, 
coial, shells, stalactites and stalagmites, which 
aie deposits formed upon the loofs or floors 
of caves by the water that seeps into the cave 
fiom above and nhich contains calcium car- 
bonate in solution, and aragonite 

A laige amount of the limestone quairied 
in the United States each year is used m 
liuilding macadamized loads and concrete 
structuies Large quantities aie also used as 
building stone It is also used to neutralize 
the acids in soils, as a flux, and in the manu- 
factuie of glass, cement, lime, and many 
calcium compounds Whiting, finely giound 
and caiefully cleaned chalk, is used in pol- 
ishes, pigments, and putty Some dental 
powdeis and pastes contain piecipitated chalk 
which IS made by precipitating calcium car- 
bonate fiom solutions containing the calcium 
ion 

18. Calcium Bicarbonate, Ca(HC 03)2 

Calcium carbonate is only slightly soluble 
in water It dissolves much moie leadily m 
water that contains carbon dioxide m solu- 
tion, because of the conversion of the insol- 
uble normal carbonate into the more soluble 
acid carbonate 

CaCOs + liaO + CO2 Ca(HCO,)2. 

The caibonic acid of the solution ionizes 
slightly 

H2CO3 ::e± H+ + HCO3- 

Since the ionization constant of HCOs" is 
very small, 

^ [H+] X [CO3-] , 

' [HCO3-] 

the addition of H+ ions from the carbonic 
acid reduces the concentiation of COa^ ion, 
because the two 10ns combine to form the 
slightly ionized bicarbonate ion, HCOr. 
The reduction in the concentration of the 
carbonate ion causes moie calcium caibonate 


to dissolve in an attempt to satuiate the so- 
lution and to produce a piodiict of the con- 
centiations of Ca"^ and ions which is 

equal to the solubility piodiict, 

[Ca i'+l X [003=] = S P = 1 X 10-8. 

The water ivhich falls as lam contains carbon 
dioxide, wliicli IS dissolved fiom the air Surface 
wateis also dissolve carbon dioxide horn soils 
wheie it ifa produced by the slow oxidation and 
decay of organic mateiials When these waters 
come into contact with limeHtone locks in the 
eaith, the stone disappears due to the leaction 
deseiibed above Tlii.s is an irnpoitant factor m 
tlie lormation of cave.s m limestone regions If 
tins watei finds its way through the rocks into a 
cave, tire water slowly evapoiates, caibon dioxide 
is liberated, and calcium caibonate is deposited 
If this deposit accumulates at a iioint on the 
cave’s ceiling, wheie chops of solution seep 
tfuough, the foimation ’& called a stalactite If it 
is built up by (hops falling at some point on the 
flooi, it lb called a stalagmite 

Calcium bicailionate is convcited veiy leadily 
into the normal carbonate, when a solution m 
which it IS dissolved is heated to lioiliiig Tlie 
inciease m teinpeiatuic causes the carbon dioxide 
to be completely removed and levcises the leac- 
tion 

Ca(IlC03)2 — >- CaC03 -h TUO + CO 2 -f 

If the watei from springs and wells has lieen m 
contact with limestone m the eaith, it contains 
calcium bicaibonate Tins sulistance founs a de- 
posit of calcium caibonate wlien the watei is 
heated m kettles 01 boileis Such wateis aie 
undesiiable foi use m boileis, unless some means 
of pi eventing the foimation of “boilci -scale” is 
employed 

19 Calcium Chloride 

Although calcium chloiule can be pro- 
duced veiy loadily, by treating lime, ctileium 
hydioude, 01 calcium cailionate with liydro- 
chloiic acid, it is usually olitained as a by- 
product of the iSolvay pioco.ss for producing 
sodium carbonate and as a by-pioduct of 
other industries This substance forms two 
hydrates CaCb 6 H2O and CaCb H2O. The 
hexahydrate crystallizes from aqueous solu- 
tions When heated, this hydrate forms the 
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Figure 302 Mining Rock Gypsum 
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Figure 303. General View of a Plaster Board Plant 
Showing an unbroken stream of plaster wallboard moving along a conveyor belt to be dried, cut into panels, 

packed, and shipped 
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monohydiate The latter is a poious sub- 
stance which IS very deliquescent It is 
often used as a drying agent for gases and 
organic liquids because it combines with 
water to form the hexahydiate, When 
heated to a higher temperatuie, the mono- 
hydrate IS changed to the anhydrous salt 
During dehydration, some calcium oxide is 
pioduced by hydrolysis 

CaCls + H 2 O — CaO -h 2 HCl j- . 

The oxide causes the anhydrous salt, as it 
IS usually prepared, to have an alkaline re- 
action 

Calcium chloride is used to keep down the 
dust on highways. Giving to its deliques- 
cence, the salt removes water from the air 
and forms a solution, which is very highly 
concentrated and which theicfoie has a very 
low aqueous vapor tension. It is also used m 
the manufacture of cement and in curing 
concrete, since it pi events such matciials 
from drying out too quickly A solution of 
calcium chloiide in water serves as an ex- 
cellent bime for use in cold stoiage and le- 
frigerating plants A mixture freezing as 
low as —55° can be piepaied by dissolving 
the hexahydrate in water 

20. Calcium Sulfate (CaSO^ 

This substance occurs in natuie as gypsum, 
CaS 04 2 HaO The anhydrous foim of cal- 
cium sulfate occurs as the mineral anhydrite 
Alabaster, satin spar, and selenite are ciystal- 
line forms of the dihydrate Gypsum occurs 
in extensive deposits in New York, Ohio, 
Iowa, Michigan, Texas, and Nevada It is 
widely used, as shown by the annual produc- 
tion 111 the United States ol more than 
5,000,000 tons Oui common crayon (chalk) 
is made Irom it It is also used in cement to 
retard the rate of setting, in certain feitiliz- 
eis, in some paints, and m paper Used m 
fertilizers, it aids by converting ammonium 
caibonate into ammonium sulfate The 
latter ammonium salt is moie stable than the 
foimci, and when it is produced, there is not 
so much loss of ammonia to the air 
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Plaster of Pans is made by partially de- 
hydiatmg gypsum at a temperature of about 
125° The product is (2 CaSOi) HaO. When 
this substance is mixed with water, the fol- 
lowing reaction takes place 

(2 CaSOi) I-UO + 3 IW —>■ 

2 (CaS04 2 HaO). 

The dihydrate that is produced by this reac- 
tion forms a hard mass, which has the same 
composition as gypsum but differs in being 
moie difficult to dehydrate Because of its 
rapid latc of setting and its tendency to ex- 
pand as it solidifies, plaster of Pans is used 
m making surgical casts, models, molds, 
and statuary Its most impoitant use is in 
the maniifactiiie of plaster for covering the 
interior walls of buildings These plasters 
also contain lime Stucco may be made from 
pla.ster of Pans and glue, which acts as a 
bmding agent 

Large quantities of gypsum and plastei of 
Par IS aie used in the building indu.sti y The pul- 
veiized 100 k gypsum is heated to expel most of 
the watei that it contains, then it is mixed with 
mineial wool, asbestos, sawdust, or other similar 
mateiiah. The mixture is wet and molded into 
blocks, tile, lath, boards, and other building 
foims, which become hard as the calcium sulfate 
combines with the watei to foim the hydrate once 
agam Wall board is made fiom a mixture of 
piaster of Pans and wood pulp 01 by binding 
sheets of paper togethei with layeis of plaster 
of Pans between them Heating gypsum to 
450°-600° pioduces a very haul cement used to 
make flooimg tile Kerne's cement is made by 
heatmg gypsum twice, after the hist heating, the 
product IS treated with a solution of alum, and 
it IS then heated a second time This cement is 
used as a veiy haid finish plaster Anhydrous 
calcium sullate is used as a drying agent 

21. Calcium Sulfite and Bisulfite 

Normal calcium sulfite, CaSOs, is only 
slightly soluble and is produced as a white 
piecipitate when a solution of any soluble 
sulfite is mixed with a solution contain- 
mg calcium ion Like the normal car- 
bonate, it IS convoited into the acid salt 
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when it is treated with a solution of the 
acid, which in this case is formed by dis- 
solving sulfur dioxide in water The acid 
sulfite or bisulfite, Ca(HS03)2, is soluble 
It IS piepaied by ti eating a suspension of 
calcium hydi oxide in water with sulfur 
dioxide 

(Ca++ -b 2 0H-) -b 2 H2SO3 — 

(Ca^^ -b 2 HSO3-) + 2 H2O 

It IS also made by passing sulfur dioxide 
ovoi wet limestone 

CaCOa + 2 H2SO3 — 

(Ca++ -b 2 HSO3-) -b H2O -b CO2 + 

Calcium bisulfite is used extensively in the 
manufacture of paper (page 603). 

22. Other Compounds of Calcium 

Tlie carbide, cyanamide, and phosphates of 
calcium have been discussed elsewhere in this 
book Othei impoitant compounds of this ele- 
ment include the nitiate, Ca(N03)2, which is used 
as a fertilizoi , calcium hypochloiito and bleaching 
powdei, calcium acetate, fiom which acetone is 
prepared, calcium chloiate, Ca(C103)2, which is 
used to kill weeds, calcium oxalate, CaC204 (page 
587), calcium sulfide, CaS, and peisulfidcs, such 
as CaS.i, calcium silicate, CaSiOa, which is the 
mmeial known as wollastomte, calcium tungstate, 
CaWO^, which is used m making luminous paint, 
calcium boiates, which aie found m Cahfoinia 
and fiom which liorax may be made (page 539), 
and calcium fluoiide (page 342) 

23 Hard Water 

Although the bicaibonate of calcium is the 
most common substance found m “haid” 
ivatei, it IS not the only substance piesent m 
such Avateis Magnesium bicaibonate, pio- 
diiced in the same mannci as calcium bicar- 
bonate, causes similai losses of soap in the 
laundry (page 176) and produces scale when 
the water in ivhich it is dissolved is used to 
geneiate steam in boilers Both of these 
substances pioduce temporary hardness of 
water, so called because the haidness may be 
overcome by boiling the watei In boiling 
water the bicarbonates are converted into 


normal carbonates, which are only slightly 
soluble, and, as these precipitate, the mag- 
nesium and calcium 10ns are removed from 
the solution 

Whenever ivatei m the earth comes in 
contact with gypsum, this substance dis- 
solves slightly Calcium sulfate, together 
with smaller amounts of other salts, such as 
magnesium sulfate and the chloiidcs of cal- 
cium and magnesium, are responsible for the 
condition called permanent hardness of water 
The metallic 10ns of pcimancntly haid water 
cannot be removed by boiling, and to soften 
such water substances must be added to 
convert calcium and magnesium ions into 
shghtly soluble compounds that mil pre- 
cipitate 

The substances laigely responsible foi the 
haidness of water aie, therefore, the bicai- 
bonates, sulfates, and chloiides of calcium 
and magnesium, and, sometimes, couespond- 
mg compounds of iron, only the metallic ions 
of these compounds aie involved in the 
failure of soap to lathei in hard watei 
Magnesium chloride is objectionable in 
watei used in boileis because of its hydroly- 
sis 

(Mg++ -I- 2 C1-) -b 2 HOH — V 

Mg(OII)2 + 2 (H+ -b Cn 

The acid formed by this reaction causes 
coiiosion of the boileis. 

24 Water Softeners 

The followmg inateiials aie examples of 
substances widely used to soften water by 
precipitation methods 

(1) Sodium Carbonate This substance converts 
the ions of calcium and magnesium into the in- 
soluble noimal caibonate and relieves, theiefoie, 
both tempoiaiy and peimanent haidness 

(Ca++ + S04=) + (2 Na+ 4- COa”) — )- 

CaCOs 4- + (2Na+ + S04=) 
(Ca-H- + 2 ECO3-) -b (2 Na+ + CO,”) — ^ 

CaC03 -f +2 (Na+-bHC03-) 

(S) Calcium llydi oxide A suspension of 
milk of lime conveits the bicarbonate into the 
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normal carbonate but has httle or no effect upon 
calcium sulfate It also converts soluble magne- 
sium salts, such as the chloride oi sulfate, into 
the insoluble hydroxide 

(Ca++ -b 2 HCO3-) + (Ca++ + 2 Oir) — 

2 CaCOa 4" 2 H2O 

(3) Zeolites and FermuM The zeohtes (page 
534) aie naturally occuiiing sodium alumumpi 
silicates, NaAlSiOi Peimutit is a manufactuied 
pioduct of about the same nature When watci 
contaimng calcium or magnesium ions in solution 
passes slowly through lather thick laybrs of this 
material, the sodium in the zeolite is replaced by 
calcium, and the water is freed of the latter 

2 (Na+ -f AlSiOr) + (Ca++ + SOr) — >- 

(2 Na' + HOr) + Ca(AlHi()i).. \ 

This piocess of watei softenmg can lie o])('uited 
continuously, since the calcium aluinmum silicate 
can be leooii verted into the sodium compound by 
ti eating the zeolite, attei it has been used foi 
some time, with a concentrated solution of 
sodium ohloude 


Ca(AlSiOi)2 + 2 (Na+ -b Cl") 

(Ca++ -b 2 C1-) + 2 NaAlSiOi 


The level sal of the leaction depends upon the 
increase m the coiieentiatiou of the sodium ion 
The mateiial that lus been thoioughly washed 
with biiiie is washed with puie watei and is then 
leady to be used ovei again in softenmg inoie 
w ater This softening pi ocess is used in laundi les 
and in homes wheie the watei is too haid to be 
used without gieat waste of soap and the iindc- 
siiable effects accompanying the foimation of 
calcium and magnesium soaps as deposits iijion 
clothing It relieves both peimanent and tempo- 
laiy hardness 

(4) Other Pi ecip dating Reagents Other sub- 
stances used to form insoluble salts of calcium, 
and in some cases insoluble magnesium salts also, 
include boiax, tiisoduim phospliatc, and am- 
inonium hydioxide Boiax and ammoiiiuin liy- 
di oxide are effective 111 relieving tempoiaiy bald- 
ness because of the alkaline chaiactei of then 
solutions Tiisodium phosphate precipitates cal- 
cium and magnesium as insoluble phosphates and 
also pioduces an alkaline solution, which conveits 
the bicaibonate into the normal salt The alka- 
line solutions of sodium phosphate and borax aie 
produced by the hydiolysis of these salts 
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Outlet to sewer 

Figure 304 The Permutll Water Softener 
The water to be treated enters through A Brine for 
the regeneration of the permutit is stored m D, flows Into 
the permutit chamber through E, and out as waste through F 

25 How the Hardness of Water is Expressed 
When vvaf.i'r is tuuilyzed to detomnne its 
liaidness, the lesults aic usually expiessod as 
paits of calcium caibonate pet million All 
substances producing haidness aio lepie- 
sented in tcims ol equivalent amounts of 
calcium caibonate Sometimes the results 
aie expiessed m degrees, one degiee repie- 
senting one giam pet gallon, oi 17 1 parts per 
million 


CEMENT 

Tlieio aie seveial vaiiefies ol I'l'incnl In 
geneial, the tcim is ajiphed (o niateiials 
that can be made up as iiastcs by mixing 
them with water and wliicli luidon oi “set” 
m ivatei as well as m an When we think 
of cement, however, wo have m mind, usu- 
ally, the material knowui as Poilland cement 
The name is deiived fiom the name of an 
English town, Portland Sinco about 1900, 
its use has gioivn until it is now one of the 



CEMENT 


665 


most important of structinal materials 
Concrete is the name applied to the hardened 
mass that results when a mixture of sand, 
ciushcd stone, cement, and watei is poured 
into “forms” and allowed to stand If steel 
wire, cables, or rods are placed in the mix- 
ture and allowed to become embedded in 
the solid structure, reinforced concrete is 
produced 

Portland cement is pioduced from a mix- 
tuie of limestone or marl and clay oi shale 
These substances are finely ground and 
mixed, and the mixtui e is heated or ‘ ‘ bui ned ’ ’ 
in a rotary kiln (Figuie 305) At the lower 
end of the kiln, heat is supplied by burning 
gas 01 powdered coal, and the ground raw 
materials are fed in from a hopper at the 
upper end The mateiial slowly moves down 
through the kiln, which is inclmed, and at the 
lower end is heated to a tempeiatuie of 
about 1500° The powdered mateiials are 
partially fused and pass out of the lower end 
of the kiln in the form of small lumps, Imown 
as chnler The material is then cooled, and 
finally is ground to a powder About thiee 
pel cent of gypsum is giound with it to re- 
tard the late of sotting Unless some retard- 
ing agent such as calcium sulfate is used, 
the cement may harden before it can be 
placed in the position where it is to be used 

Dining the formation of the clinkei ceitam 
chemical leactions ocoui These pioduce, essen- 
tially, tiicalcium silicate, CajSiOsfS CaO S1O2), 
dicalcmm sihcate, Ca2Si04(2 CaO S1O2), and cal- 


cium aluminate, Ca3(A103)2 (3 CaO AI2O3) The 
leactions which occur dining the haiclenmg of 
cement aie very complex and not completely 
understood Two kinds of leactious, however, 
aie known to occui hydration and hydrolysis 
The hydiation of the compounds present in 
cement piodnces crystals Hydrolysis of calcium 
sihcate and calcium aluminate produces gelati- 
nous compounds, such as silicic acid and alumi- 
num hydroxide, which giadually haiden and hold 
the ciystah tightly cemented togethei Since all 
of the substances which result as the cement sets 
aie insoluble in water, cement will harden in 
watei, although the set occurs best'm the an 
The process continues for several weeks after an 
initial period of rapid hardening during the first 
thirty hours 

The normal annual pioduction of Portland 
cement in the United States is approximately 
165,000,000 bands Table 41 shows its 
aveiage composition, each constituent being 
lepicsented as the oxide 

TABLE 41 


Composition of Portland Cement 




Figure 305 Cement Klin 

The raw materials are fed into the kiln (B) from the hopper (C) Powdered coal and air are blown Info the lower end 
of the kiln through F Clinker foils out of the kiln ot A Into the receiver E The kiln is rotated by means of the geors G, 
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If gypsum IS added, the cement’s composi- 
tion also shows about two per cent of sulfui 
trioxide, SO3, and a correspondingly larger 
percentage of lime and somewhat smaller 
ppi centages of the other constituents 

26. Other Cements 

A lapidly setting cement is made by fusing 
a mixtuie of finely giound limestone and the 
minoial bauxite, which is the oxide of alumi- 
num This cement is composed, therefore, 
of calcium alummate Keene's cement may 
be pioduccd by heating gypsum that has 
been tieated with a solution of alum (po- 
tassium aluminum sulfate) Plumbers use a 
cement made fiom a mixture ol glycerine and 
litharge, PbO Zmc oxide and phosphoric 
acid form one of the common cements used 
in dentistry Solutions of pyroxylin in amyl 
acetate, 01 other solvents, may be used to 
cement wood, glass, and porcelain A solu- 
tion of sodium silicate is used to cement 
pasteboard in making caitons Tricalcium 
silicate IS used as a quick-setting cement 
Also see Soiel cement, page 667 

COMPOUNDS OF MAGNESIUM 

Most of the compounds of magnesium are 
produced either from the carbonate, which is 
found 111 nature as the mmcial magnesite 
(page 654 ), 01 from magnesium chloride 
which IS recovered during the production of 
potassium salts from the Stassfurt deposits, 
from the liquor remaining aftei salt is 
ciystallized from biincs pumped fiom salt 
wells, 01 fiom sea water 

27. Magnesium Oxide and Magnesium Hy- 
droxide 

The oxide of magnesium is sometimes 
called magnesia It can be produced by 
allowing the metal to burn m the an or by 
the decomposition of the carbonate The 
latter method is most often used, since the 
carbonate decomposes very readily upon 
heating, more leadily in fact than calcium 
carbonate The oxide reacts with water less 


lapidly and less vigorously than the oxide of 
calcium, which it resembles in general prop- 
erties It has a melting point of about 2800 °, 
and because of this property is used in mak- 
ing fire brick and crucibles, and a.s a lining 
of furnaces It also finds some use in the 
manufacture of certain kinds of stucco, 
cement, and building mateiials Magnesia 
produced by heating magnesite at a tem- 
peiatuie of about 1400 ° is inactive and a 
very poor conductoi of heat, it is used as a 
heat insulator in coveiing hot water and 
steam pipes 

The hydi oxide is les.s soluble and less basic in 
chaiacter than calcium hydi oxide It is foimed 
as a piecipitate when a soluble hydi oxide is added 
to a solution contamiiig magnesium ion The 
piecipitate can be made to dissolve by adding am- 
monium salts This effect is due to the tendency 
of the ammonium ion to leact with the hydioxyl 
ion to form ammonia and watei If a veiy gieat 
conccntiation of ammonium ion is piesent, the 
concentiation of the hydioxyl 1011 is 1 educed to a 
small value Since the product of the concenti a- 
tioii of the magnesium ion and the squai e of the 
concentration of the hydioxyl ion is a constant, 
in a saturated solution of Mg(OH)2, the 1 eduction 
m the concentiation of the OH“ 1011 calls foi a cor- 
responding increase in the concentration of the 
Mg++ ion This requirement meairs that moie 
and moie of the precipitate of magnesium hy- 
di oxide must dissolve as the concentiation ot the 
OH“ ion is 1 educed If this concentration is le- 
duced sufficiently, all of the piecipitate may be 
made to dissolve 

[Mg++] X [OII“]' = solubility product = 1 X 10“” 

Milk of magnesia is the name given to a sus- 
pension of the hydi oxide m watoi This suspen- 
sion is used in medicine as a laxative and as an 
anti-acid It is also used as an antidote when 
strong acids aie swallowed The magnesium 1011 
IS not injurious to the body, and the concenti atioii 
of the hydioxyl ion in the suspension is so small 
that there is no dangei 

28. Magnesium Carbonate 

Like calcium, magnesium forms a slightly 
soluble noimal carbonate and a soluble bicai- 
bonate, Mg(HC03)2 The noimal carbonate is 
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more soluble, however, than normal calcium 
carbonate The addition of a solution of sodium 
carbonate to a solution containing magnesium 
ion foims a precipitate of the basic caibonate, 
(3 MgCOg) Mg(OIi)2 4 H2O, sometimes called 
magnesia alba, which is used in dental powdeis 
and pastes, in polishing powdeis, and as a heat 
insulator 

29. Other Salts of Magnesium 

Magnesium sulfate oceuis naturally as hesenle, 
MgS04H20, and epsomite, MgS0i7H20 The 
latter, in a pure foim, is familial as Epsom salts 
It IS also lound in many mineial wateis, in salt 
deposits, and in the mother liquoi after salt is 
removed fiom sea watei or fiom the brines of salt 
wells It is used m medicine as a puigative, in 
weighting cotton and silk, in sizing papei , and m 
fiiepioofing fabiic 

Magnesium chloride is found iti sea watci and in 
salt deposits One of its most impoi tant natural 
occuriences is as the double salt, camalhte 
(MgClaKCl 6 H2O), of the Stassfurt salts, fiom 
which it may be obtained as a by-product of the 
lecovcry of the potassium chloride Magnesium 
ohloiide ciystallizes fiom aqueous solutions as 
the hexahydiate, MgCh 6 H2O Upon heating, 
this hydiate docs not form the anhydrous salt 
but reacts to foim hydiochloiic acid and mag- 
nesium oxide 

MgCU + H2O — ► 2 HCl -t- MgO 

This reaction has been suggested as a means of 
producing hydrochloiic acid Magnesium oxide 
and magnesium chloride leact to form the basic 
salt, MgO MgCh The foimation of this com- 
pound IS the essential principle of Sorel cement, 
which IS used to produce a substitute for tile in 
covering walls and floors. When it contains small 
amounts of magnesium chloiide, salt becomes 
moist and clogs the openings ol the salt "shaker ” 
This condition is caused by the deliquescence of 
the magnehium chloiide and can be prevented by 
adding staich to keep the salt fiom “caking,” or 
by adding sodium bicarbonate, which precipitates 
the magnesium as the basic caibonate, 
Mg(OH)2 3 MgCOa 4 H2O 

Ammonium magnesium phosphate, NH4MgP04, 
a slightly soluble crystalline solid, is formed when- 
evei a soluble phosphate is added to a solution 
containing magnesium and ammonium 10ns The 
foimation of this compound is a means of detect- 


ing the presence of magnesium ion or phosphate 
ion in a solution The same substance is formed 
m the quantitative deteiminatioii of eithei of 
these ions in a solution In this deteimination 
the ammonium magnesium phosphate is pre- 
cipitated by adding ammonium hydroxide and 
sodium phosphate, if magnesium is to be de- 
termined, 01 by adding magnesium chloride, if the 
jihosphate ion is to be determined The precipi- 
tate is filtered and ignited, whereupon it is con- 
verted into the pyiophosphate, Mg2P207, which 
IS weighed 

COMPOUNDS OF BERYLLIUM 

Beryllium hydroxide is amphoteric It 
dissolves m solutions of acids to foim salts 
m which beryllium acts as a divalent metal 

Be(OH)2 -h 2 (H-* + Cb) — ^ BeCh + 2 HjO 

It also dissolves in solutions ot bases to form 
salts, called heiyllatcs, in which beryllium 
foims the divalent negative ion, Be02“ 01 
the univalent ion HBeOs" 

H2BCO2 -I- (Na+ + OH") — 

(Na+ -h HBeOa") + HjO 

Bciylhum chloiide is highly hydiolyzed 

BeCh -h HOH — BeOHCl + (H+ + Cl") 

This behavioi is in keeping, of couise, ivith 
the weak basic character of beiylhum hy- 
di oxide, foi, as we have frequently obseived, 
the tendency of the salts of a metal to hy- 
drolyze mci eases as the amphoteiic oi non- 
metalhc chaiacter of the element becomes 
more pronounced Othei salts of beryllium, 
such as the sulfate, BeSOi, and a basic car- 
bonate are also known, but none ol these 
compounds is important 

COMPOUNDS OF STRONTIUM 

Stiontium compounds aie less abundant 
than those of magnesium, calcium, and 
barium The element resembles calcium, 
and its compounds have piopeities that aie 
iiitei mediate between those of the corre- 
sponding compounds of calcium and barium 
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Strontium hydroxide is a moderately 
stiong base and dissolves to a consideiable 
extent in hot water It is sometimes used 
in sugai refineries in some parts of the world 
to lemove cane sugar from molasses With 
suciose, stiontium hydroxide forms an in- 
soluble compound that can be separated by 
hltiation from the mveit sugar and othei 
non-ciystalhzmg sugais of molasses The 
piecipitate is mixed with water and then 
treated with carbon dioxide, which pre- 
cipitates strontium as the carbonate and 
liberates free, pure sucrose 

A few compounds of strontium, mcludmg 
the bromide and iodide, are used in medicine 
The most important use of stiontium com- 
pounds is in hiewoiks, flaies, fuses, and 
other lights, to which the strontium gives a 
led color Strontium mtiate is most often 
used for this puipose 

The separation of calcium and strontium 
in analytical chemistry is difficult because 
then compounds dissolve in water to about 
the same extent The most widely used 
method involves the precipitation of stron- 
tium as the sulfate, calcium sulfate being 
much more soluble than strontium sulfate 
If a saturated solution of calcium sulfate is 
added to a solution containing Si'*^and Ca’*"*', 
there is, of couise, little probability that 
CaSOi will be precipitated, since it is a solu- 
tion of that substance that is added This 
solution contains a sufficient concentiation 
of SO 4 "" ions to exceed the solubility pioduct 
of SrS 04 , even in solutions containing only 
a small concentration of ion 

[Si^-^] X [S04=l = 2 8 X 10-^ = 8 P 
[Ca++] X [SOr] = 6 X 10-6 = 8 p 

COMPOUNDS OF BARIUM 

30. Barium Oxide, Peroxide, and Hydroxide 

The oxide of barium may be piepaied by 
decomposing the carbonate, which occius m 
nature as the mineral withei itc This decom- 
position is much moie difficult to effect than 
the decomposition of calcium caibonate A 


temperature of approximately 1400° must 
be used to produce the oxide rapidly 

BaCOs^BaO-bCOa 

The reaction can be earned out at lowei 
temper atuies, by mixing finely divided 
caibon with the baiium carlionate before it 
is heated The caibon aids the reaction by 
converting the caibon dioxide as it is lib- 
eiated into caibon monoxide and thus shift- 
ing the point of equilibrium of the loaction 
toward the right. 

When heated at 500°-600° in a curient of 
air, baiium oxide combines with oxygen to 
form barium peroiide, Ba02 If the barium 
peroxide is then heated to 700°-800°, the 
reaction is levei.sed, and inire oxygon is 
libeiated This is the basis of Bun’s process 
foi pioducing oxygen (page 67) Baiium 
peroxide may also be used to pioduce hydro- 
gen peroxide (page 186) 

Like quicklime, the oxide of baiium is 
“slaked” by the addition of water The 
hydroxide, Ba(OIi) 2 , is formed The oxide 
leacts with water vigoiously and might be 
used to a gi eater extent as a dehydrating 
agent if it were more easily pi oduced, and if 
baiium compounds weie as abundant as 
those of calcium The hydi oxide may also 
be produced by treating baiium carbonate 
with siipei heated steam It dissolves to a 
greatei extent (37 g pei htei at 18°) m 
watei than the hydi oxides ol the other alka- 
line earth metals, and the solution (0 IN) 
IS ionized to the extent of 77 per cent of the 
hydroxide It is thciefore a moderately 
strong base The solution, which is called 
haiyta walei, is used in ceitain analytical 
procedures in the chemical laboiatoiy 
When so used, it must lu' caieliilly stoied out 
ol contact with ail 111 oidei that it may not 
absoib caibon dioxide, which leacts with the 
hydioxide to form the insoluble baiium car- 
bonate Since the caiboiiato is piocipitatod, 
when it foims, a solution of baiium hydrox- 
ide has this advantage over one of sodium 01 
potassium hydroxide, which also absorbs 
carbon dioxide fiom the air In solutions of 
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the alkali hydi oxides, soluble caibonates are 
produced, and these give trouble m the 
titiation of solutions with acids by intorfei- 
ing with the sharpness of the end point ob- 
tainable with an mdicatoi This tiouble is 
not eneounteied in the use of the baiium 
hydroxide solution since any caibonate that 
forms does not remain in solution 

31 Barium Sulfate and Barium Sulfide 
Since baiium sulfate is the mineial in 
which baiium occurs most abundantly, it is 
liequently used to pioduce othei baiiuin 
compounds The sulfate is only slightly sol- 
uble even in acids To convert it into the 
chloride or nitiate of baimm, the sulfate 
must fiist be changed into a compound that 
will dissolve in solutions of HCl oi HNO 3 
The sulfate is first fused with sodium car- 
bonate (page 651) to foim baiium carbonate, 
or it IS reduced, by heating it with caibon, 
to baiium sulfide 

BaSOi + 4 C — > 4 CO + BaS. 

The caibonate 01 the sulfide is then dissolved 
in hydiochloiic or nitiic acid to produce the 
chloride 01 nitrate of baiium These salts 
aie then crystallized by the evaporation of 
the water fiom the solution 

Baiium sulfide reacts with zinc sulfate to 
form baiium sulfate and zinc sulfide, both of 
which are slightly soluble salts 

BaS + ZnS 04 — ^BaS 04 | -h ZnS 4 

This leaction is the basis of the pi eduction 
of hthopone, a mixture of BaS04 and ZnS, 
which IS used in paint In addition to pos- 
sessing excellent " covei mg power,” hthopone 
has cel tain othei advantages ovei white lead 
in paint It is not poisonous, and it is not 
blackened by hydiogen sulfide, which con- 
veits the white lead of “lead” paints into 
black lead sulfide It is used chiefly, how- 
evei, in paints foi intciiois, smce it slowly 
daikens when exposed for a long time to 
blight sunlight The production of litho- 
pone accounts for about one half of the 


300,000 tons 01 moie of baiium pioduots 
consumed in this countiy annually 
Baiium sulfate itself is used in the manu- 
factuic of white paints as permanent white 
Because of its tendency to foim ciystals, 
howevei, it does not possess satisfactory cov- 
ei ing povver, unless it is veiy finely divided 
Barium sulfate is also used as a filler m iiib- 
bei, oilcloth, linoleum, and paper Papei 
“filled” with this salt is relatively heavy 
Baiium sulfate is also produced in the detec- 
tion and quantitative estimation of either 
barium or sulfate 10 ns Because it is only 
veiy slightly soluble in water, the barium 
sulfate produced when barium chloride 01 
nitrate is added to a solution contammg a 
soluble sulfate, or when sodium 01 ammo- 
nium sulfate IS added to a solution contain- 
ing barium ion, may be separated by filtra- 
tion, diied, and weighed as a quantitative 
measure of the quantity of sulfate ion 01 
barium ion in the sample Barium sulfate 
IS used in securing X-ray photogi aphs of the 
intestinal tract This substance is opaque to 
X-iays, and the patient drinks a mixture of 
baiium sulfate and watei Ground barite is 
placed in oil wells that pi oduoe natural gas , 
the barium sulfate sinks, foiming a layer of 
heavy material at the bottom of the well 
and preventing the escape of the gas 

32 Other Salts of Barium 
Ceitain othei salts of baiium have minor uses, 
The nitrate and chlorate aie used to produce green 
colors in fiieworks and signal lights of vaiious 
kinds The carbonate is used as a rat poison 
The chlonde i.s sometimes used to remove the 
sulfate which is present m sodium cliloride as 
sodium Or magnesium sulfate Barium fluosili- 
cate is used as an effective insecticide Laigely 
because of the wide use of hthopone, the produc- 
tion of barium compounds has become an im- 
portant industry m the United States duimg the 
last quaiter of a century In a normal yeai the 
pioduction of hthopone alone amounts to 
150,000-200,000 tons 

33 Detection of Barium 

In the piesence of strontium ion barium 
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cannot bo tested for successfully by adding a 
soluble sulfate to foim baiuun sulfate 
Theie is too much chance that strontium 
sulfate, which is also only slightly soluble, 
may precipitate This difficulty may be 
avoided by using a satuiated solution of 
strontium sulfate in the test for banum, 
since banum sulfate is less soluble than 
stiontium sulfate. 

Usually, the detection of barium depends 
upon the piecipitation of barium as the 
chi ornate In the scpaiation of banum and 
stiontium the chi ornate ion is piefeiable to 
the sullate because theie is a gieatei differ- 
ence between the solubilities of the two chro- 
mates than there is between the solubilities 
of the two sulfates The precipitation of 
strontium chromate may be avoided, and the 
detection of barium made still more positive, 
if the chi ornate ion is added to a solution 
acidified with acetic acid The acid conveils 
a portion of the chromate ions into the 
dichi ornate ions; 

2 CrO “ + 2 11+ Cr^Or + H 2 O 

This reaction lessens the concentration of 
the chromate ion and renders less likely the 
chance that the solubility pioduct of stron- 
tium chi ornate may be exceeded The solu- 
bility pioduct of barium chi ornate may be 
exceeded, even in the piesence of a model ate 
concentiation of the acid, since it is much 
smaller To regulate the hydrogen ion con- 
centration, and indirectly to regulate also 
the concentration of the chromate ion, .so- 
dium acetate is added along ivith the acetic 
acid If this is not done, neither banum nor 
stiontium chi ornate may be precipitated, 
unles.s a very limited and caiefully dcl.cr- 
mincd amount of acid is added 

Review Exercises 

1 Fiom what imiieial .souiceh are the alkaline 
earth metals and then compounds produced’ 

2 In what way does the hydroxide of beryllium 
diffei fiom the hydioxides ot the other metals 
of this group’ 

3. Compaie the solubilities of the oxalates, sul- 


fates, chiomates, and cai donates of calcium 
stiontium, and barium (See Table of Solu- 
bility Products, Appendix ) How, m geneial, 
do the soluliilities of the strontium compounds 
compare with those of calcium and banum? 

4 If you wcic to attempt to precipitate only 
calcium fioin a solution containing the three 
chlorides, CaCb, Bi OI 2 , and BaCb, which imi 
in the following h.st would you use? Chro- 
mate, oxalate, cai donate. Explain 

5 How would you conveit the following sub- 
stances one into anothei in the oider indi- 
cated’ 

(а) CaCOs )- CaO >- Ca(On )2 y CafNOOj 

(б) Mg(HCOs)2 — >- MgCO, — ^ MgCh 

(c) BaSOi — y BaCNOs), — >- BaCOa — y RaClj 

6. Explain why ammomiiin salts interfoie in the 
precipitation of magnesium hydroxide Would 
you expect ammonium salts to have a similai 
effect upon the piecipitation of the hydioxides 
ot calcium, stiontium, and banum? Explain. 

7 Why is banum sulfato piactically insoluble in 
stiong acids, while banum cai donate and 
barium chi ornate, winch have appioximately 
the same or smallei solubilities in watoi than 
the sulfate, dissolve loadily even m dilute 
HCU 

8 The lime lemoved fiom a ceitam lime kiln 
dunng a day's lun is 15 ton.s. Assuming that 
the lock is 95 pel cent pure CaCOj and the 
remainder inert material, and that calcina- 
tion IS complete, what weight of stone is 
required to pioduce this quantity of lime 
and what (standard) volume of carbon dioxide 
IS libeiated? 

9. Calculate the noimality of satuiated solu- 
tions of calcium hych oxide at 10° and 100° 

10 Assuming equal trauspoitatiou costs, one ton 
of lime can be shipped foi tlie same pnoe as 
one ton of calcium hydi oxide (.slaked lime) 
What weight ot calcium hycli oxide could be 
pioduced fiom this weight of lime? What is 
the advantage of shipping slaked lime instead 
of quicldime’ 

11 The solubility of calcium .sulfate i.s 0.2 g pei 
100 ml of water at 18° C What weight of 
soap must be used to piecipitate the caleium 
ion in 10 liters of water, if the water contains 
20 per cent as much calcium sulfate as a sat- 
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mated bolution and i( the soap is pure sodium 
palmitate'^ 

12. What weight of baiiiim sulfate is required to 
pioduce 1000 tons of hthopone? 

13 Compaie the volumes of hydiogen produced, 
under the same conditions, by the reaction ot 
HCl with 10 g each of calcium and mag- 
nesium. 

14 Why can barium sullate be piecipitated from 
a solution of baiium chloiide by adding a 
saturated solution of calcium sulfate, vhile 
calcium sulfate cannot be piecipitatcd by 
adding a saturated solution of baiium sulfate 
to a solution of calcium cliloiide'^ 

15 What effect does sodium acetate have upon 
the precipitation of barium chiomate m a 
solution containing acetic acid, baiium, and 
chiomate, CiOf, ions? Explain 

16 Enumeiate as many uses as you can foi lime- 
stone and lime in the manufacture of chemi- 
cals (One use foi limestone, foi example, 
IS in the mamifactuie of calcium carbide ) 
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TABLE 42 


Properties of Copper, Silver, Gold, Zinc, 
Cadmium, and Mercury 



At wf 

Density 

Melting 

point 

Valences 

Copper 

63 57 

8 9 

1,083° 

1.2 

Silver 

107 88 

105 

960 5° 

1 

Gold 

197 2 

193 

1,063° 

1.3 

Mercury 

200 61 

13 546 

-38 87° 

1,2 

Zinc 

65 38 

714 

4194° 

2 


COPPER 

1. History and Occurrence 
Copper was probably the fiist metal to be 
\videly used by man Its name, oiigmally 
cypnum, is denved from Cyprus, an island 
fiom winch it was obtained by the Romans 
Later it came to be called cupium Coppci 
was obtained at Sinai at least 5000 yeais 
before the beginning of I, he Christian era, 
and many coppei instruments and aiticlcs 
that are more than 6000 yeais old aie ni the 
possession of museums 
The most impoitaiit deposit ol native 
coppci in the woild is found in the Michigan 
peninsula m the icgioii aioiind Houghton 
The oies of coppei include oxides, sulfides, 
and caibonatcs Piobably the laigest known 
deposit of copper is a sulfide which has been 
incompletely oxidized to the sulfate, tins is 
111 the Andes mountains of Chile Chalco- 
pynte, CuFeS2, is one ol flic most valuable 
oies. Otlieis are chalcocile, Cu^S, aipnle, 
CU2O; melaconite, CuO, and malachite, 
Cu(OH)2 CuCOs Almost all countiies pio- 


duce some coppei The ('xtensive deposits 
of South America and Afi ica have, in recent 
yeais, become important souices of the 
metal, but at the present time the United 
States leads m piodiictiori ddie oies ot the 
United States aio found 111 Aiizona, Utah, 
Montana, New Mexico, '’f'enuessoe, and Cah- 
lomia, in addilion lo tlu' Michigan deposits 
of native coppei to which we have pieviously 
lefeiied These states pioducc about one 
third of the woild’s aiimial coppei produc- 
tion of 2,500,000 niotiic tons Chile now 
lanks second to the United Slates, and Rho- 
desia, the Belgian Congo, and Canada also 
lank high in the pioduction of coppei 

2 Metallurgy 

The inetalliiigy ol coppei is a fanly simple 
piocess when the metal occiiis in the un- 
combincd state The 01 e is gi oiincl and some 
of the gaiigue, 01 eaitliy matciial, is washed 
aw'ay liy a sti earn of water The material is 
then heated until the coppci melts, and a 
flux IS added to foiiii a fusible slag with the 
gaiigue The lu[iud slag uses lo tlu' top and 
the heaviei coppci colk'cts on the bottom 

Oies that contain coiipci in the loim of the 
oxide, hydi oxide, 01 caiboiiate may be 
li'iiched with dilute sulliiiic acid, wliicli dis- 
solves till' compounds ol coppei, loimmg a 
solution of cupric sulfate Dilute ammo- 
nium hydroxide may also be used This 
causes the coppei to jiass mt,o solution as the 
( omplex ion Cu(NIlj) d ' The solutions ob- 
tained by leaching aie then electiolyzed to 
piecipitate the copper 

The sulfide oies, ■which aie most impoi- 
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tant, must be smelted, Since these ores 
contain only a few pci cent of coppei-beaiing 
compounds, they are first concentrated by 
grinding, washing with running water, and 
flotation The oie is then loasted to remove 
a portion of the sulfur In smelting chalco- 
pyiite, IV Inch contains a considerable amount 
of lion, sand is added to convert the non 
into fell oils silicate, an easily fusible slag 
If the ore contains an excess of silica and 
alumina (AI2O3), limestone is added as a flux 
The product of the icveiberatoiy smelting 
furnace consists of a melted mixture of dif- 
ferent metallic sulfides, particularly the sul- 
fides of copper and non This mixture is 
called malte It is mixed with coke and 
placed m a converts , which is made of steel 
and lined with magnesite buck A blast of 
ail IS admitted near the bottom of the con- 
veiter to convert non sulfide into the oxide 
which, m turn, reacts with silica to form 
ferrous silicate This slag is poured off by 
tilting the convei tci A portion of the cupric 
sulfide is changed at the same time, or by a 
continuation of the air blast, to cuprous 
oxide, which then reacts with the remamdei 
of the cupric or cuprous sulfide to form fiee 
copper and S 02 ‘ 

2 CusO + CU 2 S — )- 6 Cu -H SO 2 + . 

The copper is poured into molds and allowed 
to cool At this stage of the process, the 
copper IS called “blister” copper, because of 
the large blisters, or bubbles, formed by 
escaping gases as the metal solidifies 

Refining consists of remeltmg the “blis- 
ter” copper in a sihca-lmed rcveibeiatoiy 
furnace, where the impuiities are oxidized 
and changed into slag Some copper may be 
oxidized to cuprous oxide, which is soluble in 
melted copper To prevent this occurience, 
powdered coal is added to act as a leducmg 
agent, or the melted metal is stirred with 
sticks of green wood The copper is next 
cast into large plates, which are used as 
anodes in electrolytic cells. Pure sheet 
copper serves as the cathode, and sulfuric 
acid is the solution of the cell The impure 


copper passes into solution at the anode, and 
puie copper deposits on the cathode The 
gold and silver m the copper anodes do not 
dissolve, because they have veiy weak solu- 
tion piessuies Consequently, these metals, 
togethei with small quantities of palladium, 
platinum, and othei inactive impuuties, fall 
to the bottom of the electrolytic cell, foimmg 
“anode mud” The bath contains sodium 
chloiide, which piecipitates any silvci that 
passes into solution as silvei chloiide This 
piecipitate also becomes a pait of the mud 
This mud is the soiiicc of a considerable 
poition of the world’s silvei and gold produc- 
tion, and the recoveiy of those metals more 
than pays the cost of lefiniiig the coppci 
The zinc of the impure coppei anode dis- 
solves moie leadily than coppei, because of 
its gieatei solution piessuic, but the zinc 
10 ns are less leadily dischaigecl at the cathode 
than the cupiic ions The lefined copper 
deposited on the cathode is about 99 95 
per cent puie 

3 Properties and Uses of Copper 
Copper is remarkably ductile, malleable, 
and flexible The puie metal is an excellent 
conductor of electiicity. Its color is red, 
when the metal is observed by light reflected 
from its suiface, but it is green, when ob- 
seived by light that passes through thin 
sheets Puie copper cannot be hardened by 
heat-treatment as steel is hardened Some 
of its alloys, howevei, are very hard and can 
be tempered by heat-treatment 
The chemical properties of copper are 
those of a relatively inactive metal It 
unites with oxygen, when it is heated in the 
ail, forming CuO and some CU 2 O It dis- 
solves in solutions of oxidizing acids, such as 
sulfuric and nitric acids, but in the non- 
oxidizing acids (HCl) it dissolves slowly and 
only when oxygen is present. In moist air 
it is coated with a green deposit of the basic 
carbonate or sulfate It combines with 
sulfur and the elements of the halogen fam- 
ily more readily than with oxygen. Its 
valences (both positive) are 1 and 2 In the 
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monovalent state its ions are colorless, while 
divalent copper is blue. Its compounds are 
poisonous. 

Next to iron, copper is probably the most 
important of the metals. Its most important 
use on the basis of the quantity consumed, is 
in the production of alloys, of which there are 
several hundi od ass and bronze are tei ms 
applied to many copper alloys which may 
vary widely, not only m the percentages of 
the constituents, but also in the numbci of 
metals in the alloys; there aie almost 300 
different kinds of brass There are simple 
brasses that contain only copper and zinc, 
some brasses contain lead; others contain tin, 
aluminum, iron, manganese, and nickel 
Ordinary bronze is an alloy of tin and copper, 
but bronzes containing phosphorus, lead, 
aluminum, iron, silicon, manganese, nickel, 
zinc, and othei elements are also well known 
Gun metal contains copper, tin, zme, and 
lead; German silvei is an alloy of copper, 
zinc, and nickel, and Biitanma metal con- 
tains copper, tin, lead, and antimony The 
gold in coins and jewelry contains copper and 
silver. Sterling silver contains 7.6 per cent 
ot copper Silver and gold coins contain 
10 per cent of copper, and nickel coins con- 
tain 75 per cent of copper 

Large amounts of copper are used as an 
electrical conductor for telephone and tele- 
graph lines and in various electrical instru- 
ments and devices. Copper is the best 
conductor of the cheaper metals The copper 
used for this purpose must be veiy puie, 
since impurities lower the conductivity 
cnoi mously A f eiv hundi edths of a per cent 
of arsenic lowers the conductivity as much 
as 10 01 15 per cent 

Copper IS also used in clcctiotyping After- 
type has been set up, an impression of it is 
made in wax and this is covered with graph- 
ite, which serves as an electiical conductoi 
The wax-foim is then placed as the cathode 
in an electrolytic cell containing cupiic ions, 
and the copper is deposited on the letters of 
the wax plate The thin metal coating is 
then removed from the wax and reinforced on 
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the reverse side with lead which is poured, 
while molten, upon the copper sheet Copper 
also finds use as sheathing for ship.s, in rollers 
for piinting cotton cloth, in making screens, 
roofing, trimming for house, s, and vaiious 
utensils used in the kitchen and m indii.stiy 

4 Oxides and Hydroxides of Copper 

Copper forms two oxides cuprous oxide, 
CU 2 O, and cupnc oxide, CiiO. Ciipi ous oxide 
IS found 111 nature 111 the fonn ol the mineral 
called “ruby copper ” It may be produced 
in the laboratory as a reddish-biown sub- 
stance by gently heating coppei in the air, 
by reducing cupnc compounds in the pres- 
ence of an alkali (NaOIi), ot by ticating 
cuprous chloiidc with sodium hydioxide 
The last of the.se methods should produce 
cupious hydroxide, but this substance is 
extiemely unstable even at ordinaiy tera- 
peiatiiies, and although it probably forms 
monientai ily, it is changed immediately into 
cupious oxide anti water The, second method 
IS illustiated by the action ot glucose, as a 
reducing agent, upon Ft'hling’s solution 
(page 598) 'This solution is an alkaline 
mixture containing a cupnc salt, sodium hy- 
dioxide, and sodium potassium taitiate In 
the absence of the taitiate 1011 , cupnc hy- 
droxide precipitates, but when the tartrate 
IS pi esent, a dai k blue complex tai ti ate ion of 
copper IS produced Tins ion is veiy slightly 
ionized, hence the cupnc hydroxide dissolves 
It glucose IS added, it reduces the trace ot the 
cupnc hydroxide which is present to CU 2 O 
and thus reverses the reaction which pic- 
viously had termed the complex ion 

Cupric oxide is black It can lie piopaied 
by heating copper powder, wire, or toil m 
the an or in oxygen 'This is the method used 
to piepaie it in commcieial quantities It is 
also produced when the niti ate or carbonate 
of copper IS heated. If the hydroxide that is 
precipitated, when sodium hydroxide is added 
to a solution of a cupric salt, is heated it 
decomposes into cupnc oxide and water. 

Cupric oxide is not soluble in water It 
dissolves m acids to form cupric salts 
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Because of the ease with which copper can 
be 1 educed to a valence of one or to the 
metal, cupiic oxide is a good oxidizing agent 
As such, it is often used in the analysis of 
01 game compounds to deteimine the per- 
centage of caibon that they contain When 
the carbon is oxidized by the cupnc oxide, 
carbon dioxide is pioduced, this product is 
then absoibcd in a solution of sodium oi 
potassium hydi oxide, and the gam m the 
weight of the solution is taken as a measuie 
of the quantity of caibon dioxide pioduced 
and absoibed When a coil of coppei wuc 
or a coppei gauze is heated in the oxidizing 
flame and then is dipped into a solution con- 
taining methyl alcohol, the cupnc oxide 
loimcd by the oxidation ol the coppei 
oxidizes the alcohol to fuimaldehyde (page 
585) This is one of the commonly used 
methods of delecting methyl alcohol In 
addition to its use as an oxidizing agent, 
cupric oxide is used to remove the sulfui in 
petroleum pioducts, to color glass and poi- 
cclain, and in the manufactuie of cupnc salts 
As alieady stated, cupious hydi oxide is 
a hypo thetical substance When it is f oi med 
by the double decomposition of a cupious 
salt and a soluble hydi oxide, it decomposes 
at once and completely into the oxide Cii- 
piic hydroxide decomposes when slightly 
heated The solubility of this hydi oxide in 
the piesence of the tartiate ion has been 
mentioned (page 674) It is also soluble in 
ammonium hydi oxide, since the cupiic ion 
combines with molecules of ammonia to form 
a veiy weakly ionized complex ion 

Cu(0H)2| CU++ + 20H- 

4 NHi+ -t- 4 OIi-:;i± 4 NHg + 4 PIjO 

i I 

Cu(NII3),^^- 

The concentrated solution contains the cop- 
pei in the form of the compound CufNHg)!- 
(0Ii)2 This solution has a daik blue color, 
Avhich IS distinctive enough to make the le- 
action a means of detecting copper The 
solution IS also used in one of the piocesses 
(page 616) of manufactuiing aitificial silk 


from cellulose Bordeaux mixlure contains 
cupiic hydroxide and calcium sulfate. It is 
made by adding slaked lime to a solution of 
cupnc sulfate, and is used in the form of a 
spray as a fungicide and insecticide 

5. Cuprous Salts 

Cuprous chloride is a white, slightly soluble salt 
It can be piepaiecl by leducmg cupiio chloride 
with metallic coppei in the piesence of hydro- 
chloric acid All IS excluded as completely as 
possible to prevent oxidation 

CuCh-fCu — >-2CuCl + . 

Cuprous chloiide dissolves in an excess of HCl 
to form the compound H+CuCl.’' This solution 
IS used in the analysis of ceitain gases that con- 
tain oxygen and cai bon monoxide When oxygen 
is absorbed, the nxvclilniide, CipOCb, is produced, 
and in the case ot caibon monoxide, the com- 
pound CuCOCl HjO IS formed 
Cuprous suljide, CipS, may be prepared by 
heating ciipiic sulfide in the absence of air and 
by 1 educing oupiic sulfide by means of hydiogen 

2CuS — t-CujS-fS f 
2CuS-f Hs— >-H 2 S-hCu 2 S 

6 Cupnc Salts 

Cupric ion is blue Its salts aie, in gen- 
eial, more soluble and more stable than the 
cuprous compounds In aqueous solution, 
they hydiolyze to some extent, producing 
acid solutions This behavior indicates the 
weakly basic piopeities of cupnc hydi oxide 
Both noimal and basic cupric salts can be 
piepaied Most of the salts are prepared 
fiom the oxide, carbonate, or the fiee metal 
They aic usually blue, yellow, or green 
Cupric sulfate is the most important com- 
meicial salt of copper It is prepared by 
ti eating the oxide oi carbonate with sulfuiic 
acid, by the oxidation of cupnc sulfide, oi 
by tieatmg gianulated copper with sulfuric 
acid Commercially it is prepared in the 
refining of silver (page 678) or by the oxida- 
tion of sulfide minerals, such as chalcopyrite, 
that contain coppei The pentahydiate, 
CuSOi 5 H 2 O, ciystallizes as blue tiiclmic 
ciystals fiom aqueous solutions This com- 
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pouad IS called “blue vitnol” or “blue 
stone ” Othei hydrates are known. The 
anhydrous salt, which is piepaied by heating 
any of the hydiates, is white Because of its 
stiong tendency to form hydiates, the an- 
hydi ous sulfate is used to diy organic liquids 
Because it combines with watei , giving a blue 
solution of the hydrate, the anhydrous salt is 
also used to detect watei iii liquids, such as 
alcohol 

Cupric sulfate has a numbci of uses It is 
used in the preparation oi manufactuie of 
other coppei compounds, Bordeaux mixture 
(page 675), Fehlmg’s solution, insecticides, 
germicides, fungicides, paint pigments, and 
artificial silk It is used m making the elec- 
trolytic bath m the refining of coppei, in 
clecti opiating, m electiotypmg, and in cei- 
tam electio-chemical cells (page 635) At 
one time, it w as used to produce a gieen color 
in canned peas and green beans, but this use 
has been discontinued because of the pois- 
onous action of copper compounds It is 
sometimes used m very small amounts to 
destioy the algae that giow m municipal 
water supplies (page 176) and which give 
the watei a disagieeable odor and taste 
A minute tiace of cupiio sulfate is all that is 
necessary foi this puipose 

Cupric sulfide is a black compound It is one 
of the least soluble sulhdes, and therefoie can be 
piecipitated by the tieatmeiit of a solution con- 
taining a cupric salt with hydi ogen sulfide, even 
in the presence of a model ale concentiation of 
hydi ochloi ic acid (page 407) It can be prepared, 
also, by the action of sulfur va])or upon hot cop- 
pei This salt of coppei is impoitant only m 
analytical prooeduics by winch coppei is sepaiated 
horn othei metals Its insolubility in hytho- 
eliloiic acid piovides a means ol scpaiatnig copjiei 
I mm the metals which loiiu sulfides that aie sol- 
uble in this acid (zinc, cobalt, non, nickel, etc ) 
Its veiy slight solubility m a solution of am- 
monium sulfide (page 523) makes possible the 
sepaiation horn aisenic, antimony, and im 
Ciipiic sulfide does dissolve leadily m hot dilute 
mtuc acid 

3 CuS + 8 (H+ + NO 3 -) 

3(Cu++d-2N03-)d-2N0 | + 4 H 2 O + 3 S 4^ . 


This leaction is used to sepaiate copper from mer- 
cuiy, since mercuric sulfide is not leadily soluble 
in nitiic acid 

Other common cupno salts are. 

Ouprio chloiide, CuCIs2 I1-.0 (gieen) 

Cupuo nitrato, Cu(NOa )2 6 HaO (blue) 

t’upiio acetate, Cu(CsH 302)2 (gieen) 

Cupno bromide, CuBi? (dark brown) 

Uneio cupric carbonate, CuCOi Cu(OII)o (gieen) malachiie 
Basic ouptic cniboimto, (C>uC() 8)2 Cu(C)n)a (light blue) azurile 

7. Complex Cyanogen Compounds 

Wlien a solution of sodium or potassium cya- 
nide IS added to a solution of a cupnc salt, fiee 
cyanogen escapes and a piecipitate of cuprous 
cyanide is foimed 

2 (Cu++ + 2 C1-) + 4 (K ^- + CN-) — >- 

4 (K+ -b C1-) -h 2 CuC N 4- -b (CN )2 + 

If an excess of the alkali cyanide is added, the 
piecipitate dissolves, because of the foimation of 
a Complex ion containing univalent coppei and 
cyanogen This ion is the cuprocyanide ion and 
the potassium compound is potassium cuprocya- 
nide Although other complex cyanides may be 
pioduced, this eoiniiouiul is tyjmal 

CuCN -b (K+ -b CN-) — J- (K+ -b Cu(CN).r) 

The cupiooyanide ion is veiy slightly ionized as 
shown by the fact that tlioie aie not enough 
cupric ions (Cu+'') or cuprous ions (Cu+) piesent 
in Its solution to foim a piecipitate at the sulfide, 
when hydiogen sulfide is added, 01 to give a blue 
coloi (CufNIIs)!''"*) when ammo mum hydi oxide 
IS added Potassium cupiocyiimde is analogous 
to potassium forrocyamde (KiFefCNlo) and 
siiuilai compounds 

8 Tests for Copper 

The lormation of a dark blue solution, 
containing the complex eupiio ammonia ion 
CufNHs)!'^, when a solution of a eupuc salt 
IS ticata! witli ammonium hydioxido, is 
olton used as a qualitalivo te.st foi co 2 i|)ci 
Another test uses potassium feiiocyamdc, 
which gives a losc-coloicd piecipitate ot 
cupiic fciiocyamde, Cu 2 Fe(CN )6 A borax 
bead (page 541) containing coppei has a 
deal blue color if the bead is made in the 
oxidmmg flame, and an opaque led if made 
m the reducing flame The led coloi, in the 
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second case, is produced by the reduction of 
the copper to the fiee metal 

The proceduies used in sepaiating coppei 
from other metals have already been de- 
scribed (page 676) Quantitative determi- 
nations of copper arc usually made by elec- 
trolytic methods The sample is fiist dis- 
solved m nitric acid, and the coppei is then 
deposited electrolytically upon platinum 
cathodes, which are weighed before and aftei 
the deposition of the metal 

SILVER 

9. History and Occurrence 

Since silver occurs as the native metal, it 
has been known since very caily times Be- 
cause of its blight luster and its slowness to 
tainish, it was highly piized by the ancients 
and was considered by them, as it is today, a 
precious metal Until about 1500 b c it 
was moie expensive than gold The Latin 
name argentum means “white ” The al- 
chemists associated tho metal with the moon, 
and even now the name “lunai caustic” 
for silvci nitiate is a remnant of this asso- 
ciation. 

Native silver is seldom puie, it is alloyed 
with gold, coppei, oi meicuiy It occurs 
sometimes as laige masses or nuggets, but 
more often it is found as flakes embedded in 
a rocky matrix Small deposits of cerargynte 
or hoin silvei, AgCl, occur, but the prmcipal 
compounds m which silver is found are sul- 
fides The most important of these is argen- 
tite 01 silvei glance, Ag 2 S, but otheis, which 
contain arsenic or antimony, as well as silver, 
are also of considerable value A large 
amount of the silver which is produced comes 
fiom the lefinmg of copper, lead, and nickel, 
since silver sulfide is often associated, m 
small amounts, with the sulfides of these 
metals Mexico is the largest producer of 
silver, producing about tivice as much as the 
United States, ivhich ranks second South 
Ameiica and Canada also produce consid- 
erable quantities Together the two Amer- 


icas produce more than 85 per cent of the 
woild’s supply, which amounts to a httle 
less than 18,000,000 pounds annually. In 
the United States the principal silver -produc- 
ing legions arc located in Utah, Idaho, Ari- 
zona, and Montana 

10 Metallurgy 

Several methods are used to recover silver 
from its ores The general principles in- 
volved in the piocesses are described below 

(1) Parke’s Process This process is widely 
used to recovei the silver that occurs in lead and 
copper ores, and theiefore serves also as a means 
of pimfymg the lead and coppei When bilvei 
ores aie treated by tins process, they aie mixed 
with lead ores before they are smelted The 
pioduct of the smelter is an alloy of lead anri 
silver The Paike’s process deals directly with 
this alloy oi with impute lead obtained in the 
smelting of lead ore.s The alloy is molted in 
large kettles, and about one per cent of its weight 
of zme IS added and stiired with it The zinc is 
added as a solvent for the silver, which is mucli 
more soluble in zinc than it is in lead Zinc 
also dissolves gold and coppei readily Since 
zinc IS hghtei than lead, and since the two metals 
do not mix, the zmo uses to the top and bungs 
with it most of the silver, gold, and coppei which 
were originally pi esent in the lead As the mass 
cools, this layei forms a crust upon the surface 
of the molten lead It is removed by large slum- 
meis, and is heated in a ictort The zinc distills 
off and is used again The lesidue remaining m 
the letoit contains silvei, gold, and copper The 
silvei IS purified by electinlysis oi by the process 
of cupellatioii (see below) 

(2) 111 the piocess used foi anode mud (page G73) 
the more active metals aie dissolved in dilute sul- 
furic acid The losidue ol insoluble metals is 
first diied and later is heated with a mixtuie of 
some oxidizing agent, such as sodium or potassium 
nitrate, sodium carbonate, and sand This treat- 
ment conveits the base metals, fiist into oxides 
and then into slag (silicates), which can be re- 
moved readily from the silvei and other precious 
metals 

(3) Leaching Processes Ores contauung silver 
sulfide aie sometimes masted to pioduce silver 
sulfate, and the product is leached with water. 
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in wliicli silver sulfate is soluble The silvei is 
precipitated and lecovered from tins solution by- 
adding coppei Cupric sulfate is a valuable by- 
product of this piocess (page 675) 

One of the most impoitant methods of reco-vei- 
ing silvei fiom its ores depends upon the solu- 
bility of the metal and many of its compounds in 
solutions of the alkali cyanides (NaCN oi KGN). 
Complex cyanides, such as NaAg(CN) 3 , aie pro- 
duced This method of getting silver into solu- 
tion IS applicable to oies containing silvei chloiide 
or small scatteied pai tides of metallic silvei, if 
the ores aic finely pulvenzed in a stamp mill 
before they aie treated with a solution of the 
cyanide Silvei sulfide and laige giains of the 
chloride and of the fiee metal dissolve veiy 
slowly To hasten solution sulfide oies are some- 
times roasted with sodium chloride to foim silvei 
ohloiide, which is then dissolved in the cyanide 
solution Silvei is leooveied lioin the cyanide 
solutions by adding powdered zme oi aluminum 
to displace the silvei . 

(4) Amalgamation Oies coutainmg metallic 
silver or silvci chloride may be tieated with 
mercury to foim an amalgam, which is sepaiated 
from the earthy matei lal of the ore and distilled 
in a 1 etoi t. Silver remains in the i etort, while the 
mercury is distilled, condensed, and used again. 
The metallic silver of the ore alloys (amalga- 
mates) with the meioLiiy directly, while the silver 
chloride is first converted by the meioury into 
metallic silver and mei emeus chloride 

1 1 . Refining 

Whatever piocess is used to recover silver 
from its ores, the metal must be lefincd 
Only two methods of lefimng will be dis- 
cussed here 

(1) Electrolytic Process This process is .similai 
to the electrolytic ichnmg of coppei Pure silver 
IS used as the cathode and impure silvei as the 
anode, with a solution of silver iiitiate and nitric 
acid seiving as the olectiolyte. Silvei dissolves 
at the anode and is deposited as loose ciystals on 
the cathode 

(2) Cupellaiion An alloy of silver -with lead 
IS heated m a shallow heai th fui nace The hearth 
is made of porous mateiial, such as cement A 
current of air blows over the hearth This 
causes lead and other impimties to be oxidized, 
and the oxides are removed by vapoiization, by 


sweeping, or by absoiption in the lining of the 
furnace The silver, still containing gold, copper, 
and small amounts ol othei metals, is cast into 
ingots of dor4 bullion Gold is sepaiated from 
silver by electiolysis, oi liy ti eating the bullion 
with hot eoncentiatcd sulluric acid, which changes 
the metals, with the exception of gold, into sul- 
fates, mo.st of which aic solublo The gold is le- 
coveieil finm the insoluble i esidiie m “mud,” and 
the silvei is displaced fiom the solution by copper 

(2 Ag+ -f SOr) + Cu 

(CV + -biS04=) + 2Ags|- 

12. Properhes of Silver 
Silvei is a heavy, white metal. It is m- 
teimediate between gold and coppei in 
baldness It is an excellent conductor of 
electricity and heat and is one of the most 
malleable and ductile of the metals It 
alloys icadily witli almost all of the heavy 
metals, and although some puie silvei may 
be used as a jowohy-metal, alloys of silyci 
are most often used foi this jnuposc as well 
as for coins, tableware, and smiilai ai tides 
These alloys aie haider and theiefoie more 
durable than pui e silvei 
Chemically, silver is classed as one of the 
least active metals It lies below hydiogen 
and well toward the bottom oi the electio- 
chcmical seiies It is attacked more readily 
by sulfui than by any other element Sulfur 
itself, and many sulfur-compounds, produce 
a black coating of silver sulhde upon the 
surface of any article made ol >silvei This 
accounts foi the tainishmg of silver when it 
is exposed to an contummg even traces of 
.such compounds “Ovidizrd” silvci is ac- 
tually “sulhdized”, it is silvci which has 
been tieated with a solnlion ol sodium sul- 
fide, or with another solulile sullide, pioduc- 
mg a film of black silvei .sulfide Stainless 
silvci IS a non-tai Hushing alloy of silver, 
coppei, and antimony Silver is attacked by 
the halogens, but the action is slow and usu- 
ally affects only the suiface, becau.se the 
silver halide that is formed protects the 
metal from further action Silvci does not 
combine diiectly -with oxygen, even at ele-- 
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CouriBBy of du Pont Company 

Figure 306 Silver Salt to be Used in Making Airplane Motors 
Silverplated bearings withstand the high loads and speeds demanded of modern planes* 


vated tempeiatures, and it does not combine 
with caibon, hydiogen, oi nitiogen. It dis- 
solves in the oxidizing acids (HNO3 and 
H2SO4) to foiin salts (AgNOj and Ag^SOi) 
The solubility of the metal in solutions of 
the alkali cyanides has alieady been men- 
tioned (page 489 ) 

8 (Na+ + CN-) + O 2 + 2 H^O +'4 Ag — >- 

4 (Na+ -P OH-) 4- 4 (Na+ + Ag(CN) 2 -) 

It does not dissolve in dilute acids 01 in 
solutions ol alkalies Metallic silver has a 
number of uses Because of its slowness to 
tainish and pleasing appearance, it is used 
to electroplate cheaper metals in the manu- 
factuie of tablewaie and many ornaments 
Almost all miriois arc made by depositing 
sdvei upon glass Its use to make coins, 
jeweliy, silver nitiate, and the silver halides 
has been mentioned previously. 

13, Mirrors 

When a solution of silvei nitrate containing a 


limited quantity of ammonium hydroxide is 
treated with formaldehyde, glucose, or ceitain 
other organic compounds, the silvei is reduced to 
the tiee metal, which is deposited on the walls of 
the containing vessel The ordinary silver minor 
IS made in this manner by causing the silvei to 
deposit on the glass Some miirors are made by 
using thin coats of aluminum foil, which is an 
excellent leflector. A coating of lead sulfide is 
also used, this substance foims a mirror that re- 
flects without glare. At one time, mirrors were 
made by coating glass with tin amalgam, an alloy 
of tin and metcuiy 

14. Silver Oxide, AgaO 
Sliver hydroxide is a hypothetical sub- 
stance Whenevei a soluble hydroxide is 
added to a solution containing a silver salt, 
the hydroxide of silvei , which we might ex- 
pect to foim, decomposes spontaneously to 
form the oxide, Ag^O Despite this behavior, 
silver hydroxide must exist to a slight extent 
in such mixtures; pure silver oxide reacts 
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sufficiently with watei to produce a solution 
that changes the coloi of led litmus to a pio- 
nounced blue, an indication that silver hy- 
dioxide IS presented in the solution The 
fact that the soluble silvei salts of the stiong 
acids aie not hydiolyzed appieciably shows 
that silver hydroxide, to the extent that it 
exists in solution, is a highly ionized, stiong 
base This is one of the few points of simi- 
larity between silver and the alkali metals of 
group one 

Like the oxides of many of the heavy 
metals, silver oxide is not veiy stable When 
it IS heated, even at 200 °- 250 °, the decom- 
position IS rapid Silver oxide m combina- 
tion with ceitain substances of a piotein 
natuie is used as a common antiseptic The 
silver compounds in these mixtures are 
colloidally dispersed Of these antiseptics 
“argyiol” is piobably the best known 
Silver pci oxide is a black compound, pro- 
duced by the action of ozone upon silver 

15, Compounds of Silver and the Halogens 

Of the fom halides of silvei, only silver 
fluoride, AgF, is readily soluble The chlo- 
nde, biomide, and iodide dissolve veiy 
slightly, and the solubility deci oases with the 
mcieasmg atomic weight of the halogen, 
thus, silver iodide is the least soluble of the 
four salts The fluoiide is prepaied by 
treating the oxide of silver with hydrofluoric 
acid The othei silvei halides can be pie- 
paied 111 a similar manner and also by simple 
precipitation reactions, m winch the halogen 
acid 01 a soluble chloride, bromide, or iodide 
(NaCl, NaBi, and Nal) is added to a solu- 
tion of a silver salt 

(2 Ag+ + SOr) + 2 (Na+ + Cl') — 

(2 Na+ + SOr) + 2 AgCl + 
(Ag+ -t- NO3-) + (Na+ + r) 

(Na"^ + NOa") + Agl L 
(Ag'*‘ + NOa") -b (Na”^ -b Bi~) — >■ 

(Na~*~ + NOr) + AgBi -f 

These three silver halides form curdy piecipi- 
tates Freshly prepaied silvei chloride is 
white, silvei bromide is pale yellow; and 


silver iodide has a brightoi yellow color 
All three salts aie sensitive to light and 
are used in photography (page 681 ) 

Silver chloiide and silvei iodide combine with 
puie gaseous ammonia to foim compounds analo- 
gous to hydiates 2 AgCl SNHs, AgCl SNHs, 
and 2 AgINHj Silvoi chloiide dissolves m an 
excess of ammonium hydi oxide, foiming the 
coinjilcx 1011 AgfNHds’*' It also dissolves slightly 
111 concentiated hydioehlono acid, foiming the 
complex acid, IirAgGlr In a solution of po- 
tassium or sodium cyanide it founs the complex 
cyanide, KAg(CN)2 01 NaAg(CN)2 (page 679 ) 
In a solution ol sodium thiosulfate it is converted 
into the complex ion, Ag (8203)2“ 

AgCl + 2 (2 Na+ -b 820,=) — >• 

(3 Nal- -b Ag(8203)2-^) + (Na+ -b C 1 -), 

The solubility of the silver halides in a solution 
of sodium thiosulfate is the basis of the fixing 
piocess foi plates, films, and punts in photog- 
laphy (page 682 ) 

The tendency of silver salts to dissolve in 
sodium thiosulfate, hydiocliloiic acid, ammo- 
nium hyihoxidc, 01 potassium cyanide is explained 
by the veiy slight ionization of the complex 10ns 
pioduced in the ihifeient solutions Thioiigh the 
loimalion of these comjilexos the conccntiation 
ol the silvei ion is lowcied until the solubility 
product of the silvei halide is not exceeded As 
long as this condition exists the silvei halule, of 
couise, continues to dissolve Wliethei 01 not 
all of it dissolves depends upon the quantity of 
cyanide, thiosulfate, ehloiide, ot ammonia winch 

15 added 

16 Silver Nitrate 

Silvci mfiiite, sometimes called “hinai 
caustic,” IS the most widely used silver com- 
pound It IS piopaicd by dissolving silvei in 
nitric acid 

3 Ag -b 4 (H+ + NOr) — 

3 (Ag+ -b NOa') -b 2 H2O -b NO. 

The solid salt is used, m the foim of sticks, 
to cautciize wounds Its use foi this pur- 
pose depends upon the stiong oxidizing ac- 
tion of silver nitrate and upon the precipita- 
tion of piotein compounds by silver ion 
The pure salt is not affected by light but 
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when placed upon the skin, black metalhc 
silver IS deposited by the action of leducmg 
agents Similar deposits of silver are pro- 
duced when a solution of the salt is placed 
upon cloth For this reason a solution of 
silvci nitiate is used either alone oi as an 
ingredient in inaiking inks 

17 Tests for Silver 

The sepal ation of silver from the other 
metals is easily accomplished, since silver 
chloride is one of thiee slightly soluble 
chlorides (AgCl, HgCl, and PbCb) If hy- 
diochloric acid or a soluble chloiide is added 
to a solution containing the ions of the 
common metals, only these thiee chloiides, 
and possibly antimony and bismuth oxy- 
chloiides, piecipitate The oxychlorides of 
antimony and bismuth may be pi evented 
from piecipitating by the addition of hydro- 
chloiic acid (page 525) Fiom the lesidue 
consisting of the chlorides of silver, morcuiy 
(-ous), and lead, the lead chloiide is fiist re- 
moved by washing the lesidue mth hot 
watoi , the silver chloiide is then separated 
fiom meicurous chloride by treating the 
icsidue with a solution of ammonium hy- 
droxide, in which the silver salt is soluble 
After filti ation, the filtiate is acidified mth 
nitiic acid and silvei chloiide lepiccipi tales 
Other methods are sometimes used to detect 
silvei These depend upon the colois of the 
piecipitates that silver forms with diffeient 
anions Thus, silver phosphate, AgsPOi, is 
yellow, silver chi ornate, AgaCiOi is buck- 
led, and silver iodide, Agl, is yellow 

1 8. Photography 

The most familiar photochemical reaction 
is that which is employed in photogiaphy, 
this reaction involves the decomposition oi 
the silvei halides when they are exposed to 
the light This effect of light was discovered 
by Scheele in the latter pai t of the eighteenth 
century He found that silvei chloiide be- 
comes dark and loses weight in the sunlight 
He also found that the loss in weight is due 
to the loss of chlorine The darkening is 


due, therefoie, to the liberation of metalhc 
silver In 1839, Dagueue discovered a 
method of producing pictuies by means of a 
similai reaction He exposed, in a camera, 
a plate which had been coated with silver 
iodide, thus producing an invisible oi latent 
image of the object bofoie the camera at the 
time of the exposure He developed the 
image by exposing the plate to mercury 
vapoi This was the method of producing 
the first of the so-called daguerreotypes 
Modem photography also depends essen- 
tially upon the effect which light produces 
when it falls upon a silver halide, very often 
silver bioinide The leaction 

2 AgBi :;=± 2 Ag + B 12 

is revel sible Sunlight aids the reaction 
toward the light, but in the daikness and in 
the presence of the free halogen the leaction 
IS reversed The photographic plate 01 film 
consists of a glass plate, 01 a film made of 
cellulose nitiate or acetate One side is cov- 
ered with a light-sensitive coating of gelatin 
in which there is a colloidal suspension of 
the silver halide The speed of the plate 
depends upon the size of the particles of 
the silver salts, the smaller the particles, the 
mole slowly light affects them The size, 
oidmaiily, is of the oidei of 2 to 3 g (1 g = 
0 001 mm ) In the camera a lens focuses, 
upon the plate, the light which is reflected 
fiom the object to be photographed When 
the shutter of the camera is opened, this light 
stiikes vaiious portions of the gelatin film 
with different intensities The light from 
dark objects, which reflect feebly, is less 
intense than that reflected fiom wlute or 
blighter paits of the subject before the 
camera Since the effect of the light upon 
the silvei hahde vanes with the intensity 
of the light, an invisible image is produced 
upon the plate or film 

The decomposition of the silver hahde is 
not completed by the biicf exposure, but 
the portions affected by the light are more 
easily reduced when the entire plate is 
treated with a 1 educing agent This treat- 
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Figure 307 Bars of Silver lo be Used in the Production of Photographic Film and Paper 


ment is called developing and the reducing 
agent is the developei Foi this puipose a 
holution of pyiogallol, hydroquinone, or 
some othei good reducing agent of a similar 
chaiactei is used m the presence of sodium 
caibonate The developer may also contam 
a preservative, such as sodium sulfite and 
a retardei, usually potassium bromide In 
this developing solution the silvei halide is 
] educed to metallic silver, those poitions of 
the plate which have been elfected by the 
most mteiibo light being moic com]3letely re- 
duced and consequently showing daikei de- 
posits of metallic silver The portions of the 
plate which have not been exposed to light 
are not affected by the developer unless the 
plate IS kept m the solution for a longei 
peiiod of time than is necessary to bring out 
the pietuie This treatment is earned out 
m the dark Before it can be exposed to the 


light, the developed plate oi film must be 
tieated in a fixing bath, which is a solution 
of sodium thiosulfate (page 1187) This solu- 
tion dissolves all of the silver halide which 
has not been reduced 

AgBi + 2(2 Na+ -I- R/lr) — > 

[3 Na^ + Ag(SiO,)) 2 “] + (Na"*~ -k Br“) 

The plate is then wa, slu'd and diii'd It is 
now the neqalive In it tlu* dii'eetioiis are le- 
vcised to those in the subji'ct, tlu' dark poi- 
tioris of the subject aie i ('presented by the 
light poitions of the negative, where no 
silver has been deposited The negative is 
used to make the piinls or positives A 
sheet of paper which is covered with a gelatin 
suspension of silvei halide (biomide oi chlo- 
iide, usually) is placed behind the negative, 
which IS exposed to light, usually an aitificial 
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light The effect is the same as in the making 
of the negative The poitions of the plate or 
film which aie free of silver permit the full 
intensity of the light to act upon the silver 
halide of the paper Those portions upon 
which silver is deposited peimit less light 
to act upon the paper, the intensity depend- 
ing upon the thicloiess of the silver deposit 
Aftei exposure, the punt is developed and 
fixed in the same manner as the negative 
Most pi intmg papers are coated with a sus- 
pension of silver bromide or a mixture of the 
bromide and chloride If the silver chloride 
alone is used, no developer is needed, since 
the image, instead of being latent, is immedi- 
ately visible without the use of a developer 
Such papeis are used in making poofs Aftei 
exposuie, the excess of unaffected silvei 
chloride is lemoved by the fixing bath and 
the papei is washed in a solution of a gold oi 
platinum salt Since it is highei m the elec- 
tiochemical seues, the silvei leplaces eithei 
gold or platinum fiom the solutions of their 
salts, and these metals aie deposited on the 
papoi in its place If gold is used, the proof 
is 1 eddish brown in coloi , and if a platmum 
bath IS used, it has a lustrous, gray, metallic 
coloi 

The sensitivity of a silvei halide to light 
may be lemarkably inci eased by the use of 
sensitizeis, which aie usually dyes These 
aie effective because they absoib wave 
lengths of ladiations which have little effect 
upon the silver halides, when the halides are 
used without sensitizeis The halides do not 
absoib these radiations, which are in geneial 
those of the longer wave lengths — led and 
infiaicd — and consequently are not affected 
by them If the sensitizer absoibs these 
rays, it appears that the energy thus ac- 
quired is at least paitially effective in start- 
ing the decomposition of the silver salt The 
sensitivity also depends upon the gelatm 
and upon the impuiities which it may con- 
tain By the use of sensitizeis bettei pic- 
tures can be made in mist and fog, winch are 
more readily penetrated by infiaied ladia/- 
tion than by oidinaiy light. 


GOLD 

Gold was at least one of the fiist metals, 
and probably the hist, used by man. Its 
occuirence in the native state permitted 
primitive peoples to obtain it in moderate 
quantities before there was any knowledge 
of metalluigical piocesses Its laiity, pleas- 
ing appearance, softness, and durability 
made gold highly desirable for jewelry, orna- 
ments, and even for the decoration of build- 
ings Thioughout human histoiy, gold has 
played an impoitant part as a standard of 
value and a medium of trade 

19 Occurrence 

Gold IS found m nature almost always in 
the fiec state It sometimes occurs as nug- 
gets, but it IS moie frequently found as small 
flakes scattered in veins of quartz or in 
alluvial sands N uggets weighing as much as 
160 pounds have been found Native gold 
usually contains some silver, platinum, and 
related metals It is present in small quan- 
tities in the sulfide-ores of metals, such as 
copper and lead The tellurides of gold and 
silver occui as mixed crystals in the mineral 
called sylvamte, a tellunde of silver and gold 
The chief gold-producing regions of the 
world are Africa, which supplies more than 
half ot the world’s production, the United 
States (about 10 per cent), Canada (10 pei 
cent), Europe and Asia (about 6 pei cent 
each), Mexico, Austiaha, and Central Amer- 
ica Sea water contains tiaces of gold The 
woild’s production, befoie 1939, was about 
35,000,000 Troy ounces pel yeai 

20 Mining and Metallurgy 
In the “ gold-rush ” days of California, gold 
was obtained by panning This method was 
used to recover the gold found in alluvial 
sands The mateiial was placed in shallow 
pans and washed with water, the sand was 
washed away over the edge, and the flakes of 
gold collected on the bottom of the pan 
Placer mining made use of the same princi- 
ple on a largei scale The deposits were 



METALS OF THE B DIVISIONS OF GROUPS ONE AND TWO 


684 

placed m long troughs, and the sand was 
earned away by a stream of water The gold 
particles settled to the bottom of the 
troughs and were caught and held there by 
small cleats These methods later gave way 
to “hydiaulic” mining, in which powerful 
streams of water are directed against the 
sand, which is washed into sluices m which 
the gold IS collected by settling, and the 
lighter material is washed away 

The gold that occurs m quartz veins is re- 
covered by one of three processes These 
processes may be used, also, on alluvial de- 
posits Fust of all, the quartz ore must be 
pulverized m a stamp mill 

(1) Amalgamation. The use of mercuiy m the 
recovery ol gold has been pzacticed lor almost 
2500 years Gold dissolves in mercuiy, forming 
an amalgam, which is easily sepaiated fiom 
quartz, soil, and othot woithless mateiials The 
pulveiized oies are made to flow m stieams of 
water over coppei plates, whose surfaces are 
amalgamated The gold dissolves m the mercuiy 
and the amalgam is scraped off the plates In 
sluice or placer mining meicuiy is sometimes 
placed between the cleats in the liottom of the 
trough to foim the amalgam To separate the 
gold fiom the meicuiy, the mixture is placed in a 
retort, and the meicuiy is distilled 

(2) The Cyanide Process The piocess has made 
possible the lecoveiy of gold fiom low-giade ores, 
from mateiial that has already been worked ovei 
by panning or by sluice oi placei mining, and 
fiom the discarded materials of the amalgamation 
piocess The gold oie is tieated with a dilute 
solution of sodium oi potassium cyanide in the 
presence of air Gold is converted into a solulile 
complex cyanide by the following reaction 

4 All T 8 (Na'*' -f- CN“) -1-02-1-2 PI 2 O ■ — ^ 

4 (Na+ -H Au(CN)r) + 4 (Na+ -p OH-) 

This leaction is slow, and each batch of 01 e must 
lemain in contact with the cyanide solution foi 
seveial days In woiking rich ores, the larger 
pai tides of gold aie first lemoved by the amalga- 
mation process, and the remainder is recovered 
by means of a cyanide solution This gold is 
finally recovered from this solution by adding 
zinc to precipitate it or by means of electrolysis 

(3) The Chlorine Process This piocess depends 


upon the action of chloiine upon gold. The 
clilouno is pill chased 111 steel cylinders or is pio- 
duced on the spot by allowing sulfuiic acid to 
react with bleaching powdei Auric chloiide, 
Audi, is pioduced by the diicct comliiiiation of 
the elements Gold is recoveied by the eleotioly- 
bi.s of a solution of this compound 
licjming The gold produced by any of these 
methods must be lehned d'his is usually done 
))y tlie clectiolysis of gold cyanide solutions. The 
older method iiseil sulfuiic acid to dissolve silvei 
and other metals Guide 01 impuic gold, usually 
consisting of alloys of gold, silver, and copper, is 
sometimes refined by fiist melting it and then 
treating it with clilouno The cbknides of silver 
and copper foim fiist, and as they fotm they arc 
skimmed oft the smface as solids Watei is then 
added to the gold that lemams, and the coii- 
tmued action ot cliloiinc convoits the metal into 
aunc ohloiido, liom winch gold is locovcied by 
electrolysis Gold is also lefined by ciipellation 
(jiage 678), m winch othei metals (but not silvei) 
aic oxidized and lemnvcrl as oxules, which aio 
absorbed by tiro bone-asli healths of the oupella- 
tion furnace 

21 Physical Properties of Gold 
Gold is the most mallouble and ductile of 
all the metals Gold foil only 0 00001 mm 
in thickness can be made by rolling the 
metal. Pure gold is yelloiv The yellow gold 
used 111 coinage and 111 jewelry is alloyed with 
copper This alloy has a reddci color than 
puic gold , it IS also harder Gold alloys with 
a green tint are pi odiiccd by adding silvei 01 
cadimum. White gold contains silver, or, 
sometimes, palladium 01 nickel The purity, 
Ol hnencss, of gold is expios&ed in carats, 
which indicate the numhei ot pait.s of gold in 
24 p.iits of the metal Tliu.s, a 14-carat 
(yellow) gold img contains 41% per cent of 
coppei (10/24), and an 18-carat img con- 
tains 25 pel cent of copper The gold used 
m United States gold-coins is 21 6 caiats; 
this IS 90 pel cent gold Gold-plated jewelry 
and ornaments aie made by electroplating 
gold on copper from a solution of sodium or 
potassium aurocyanide (NaAu(CN) 2 ). Al- 
loys containing moie than 18-carat gold are 
too soft for most uses Gold is easily pre- 
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paicd m the colloidal state by reducing, gold 
salts in solution oi by the Biedig arc method 
(page 548) Wlicn a dilute solution of a gold 
salt is treated with a solution of stannous 
chloiide and stannic acid, the gold is leduced 
to the free metal by the stannous chloiide 
When the mixture is heated, a colloidal state 
ol the stannic acid is piodiiced and adsoibs 
the fine particles of gold This gives a deep 
puiple piecipitate called purple oj Cassius 

22. Chemical Properties and Compounds of 
Gold 

Chemically, gold is an inactive metal It 
is not attacked by oxygen or by common 
acids, such as HCl, HNO 3 , oi H 2 SO 4 It 
combines with chlonne to foim amic chlo- 
iide, Audi, at tcrapeiatuies above 150“ 
It also combines slowly with biomine and 
with iodine Fluoime scaicely attacks it at 
oidinaiy tempeiatures, but the leaction is 
somewhat moie pronounced at highei tem- 
peratures It dissolves in aqua legia and in 
chlonno watei to form auiic chloiide When 
heated ivith alkalies, such as KOH, the gold 
IS attacked and is converted into soluble 
alkali awates (KAUO 2 ) Gold’s common 
valence is positive 3 It also displays a 
valence of positive 1 , but the aurous com- 
pounds tend to change spontaneously m so- 
lution into aunc compounds and metallic 
gold 

6 (Au+ + C1-) + 3 HOH — ^ 

Au 203 + 6 (H+ + Cr) + 4Au 

When heated, the auric compounds decom- 
pose to give either metallic gold or the 
coiiesponding aurous compounds 

AuCb — >■ CI 2 I + AuCl 

Aui 1 C hydroxide isamphoteiic, acting slightly 
moie like an acid than a base Wlien heated 
slightly it gives the oxide, AiijO? It dis- 
solves in aeids to foim salts, such as auiic 
chloiide, AuCls With bases it acts as aunc 
acid, HAu 02 (H 3 Au 03 - H 2 O), and foims 
aurates, such as KlAuOa The sulfides, AU 2 S 
and AU 2 S 3 , resemble the sulfides of arsenic, 


antimony, and tin in that they dissolve m 
ammomum polysulfide (page 623) to form 
thio-salts, ammonium thioaurite, NH 4 AUS, 
and ammonium thioauiato, (NH^sAuSs or 
NH4AUS2 

Gold touu.s many complex compounds Both 
auious chloride and auric chloiide dissolve m 
an excess of hydrochloiic acid, amous chloiide 
foims chloroaurous acid, HAuCb, and aunc 
chloude foims chloioauiic acid, IIAuCb The 
sodium salt of the latter is used 111 photography 
to tone prints The cyanide complexes,KAu(CN)a 
and 1^411(01^)4, have already been mentioned 
(page 684 ) They aie used m electroplating 
cheapei metals with gold Unlike the salts of 
silver, gold (anno) salts aie highly hydrolyzed in 
solution This behavioi is lu keeping with the 
amplioteiic natuie of AU2O4 and Au(OII)3 

III addition to the compounds in which gold is 
univalent oi tiivalent, the element also foims 
a mimbei of veiy unstable compounds m which it 
IS divalent These 001 respond to the unstable 
oxide, AuO 

SUMMARY 

The differences between coppei . silver, and 
gold and the metals of the alkali family may 
be summaiized as follows 

( 1 ) Coppei, silver, and gold aie not readily 
oxidized They are found at the bottom of 
the electrochemical series, while the alkali 
metals arc at the top 

( 2 ) The alkali metals have a valence of 
positive 1 111 all of then compounds The 
more stable and familiar forms in which 
coppei and gold appeal in their compounds, 
hoivevei, aie divalent and tri valent, respec- 
tively 

(3) The oxides of the alkali metals are de- 
cidedly more basic in natuie than those of 
the metals of the B division 

(4) Coppei, silvei, and gold display a pio- 
nounced tendency to foim stable complex 
ions 

These rliffeiences aie explained by the two 
types of atomic stiuctme possessed by the alkali 
metals on the one hand and by coppei, silvei, and 
gold on the other In each case a single valence 
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electron lies in. the outermost shell, but in the 
atoms of the alkah metals this electron lies above 
a very stable gioup of eight electrons, fiom which 
additional elections can be lemoved only with 
great difficulty For these atoms, theietoie, the 
removal of one electron to form univalent ions is 
about the only possible condition that can lesult 
from chemical leactions The single valence elec- 
tron ol a coppei, Bilvei, or gold atom oveilies a 
gioup of eighteen elections, some of which may 
be lemoved in oidinary lands of chemical change, 
giving the element a valence greater than one 
The formation of complex ions by these elements 
depends upon tlicir ability to share two oi tom 
pairs of electrons with other atoms These elec- 
trons belong in the outeimost shells of the coppei, 
gold, and silver atoms and constitute a gioup of 
four 01 (usually) eight elections above the gioup 
of eighteen in the shell immediately beneath 
them The sharing of elections by gold is illus- 
tiated by the following foimula foi chloioauuc 
acid 

•ci 

H Cl-Au Cl- 
Cl 


OF GROUPS ONE AND TWO 

ZINC 

Zinc has been known as a pure metal and 
as a constituent of brass for a vciy long time. 
Articles made of zinc long bcfoic the begin- 
ning of the ChrLstian era have been discov- 
ered. It was ccitainly one of the hist metals 
to be produced fiom its oios by simple metal- 
lurgical processes Tn eiuly times, hmvover, 
not pure zinc but an alloy of coppei and zme 
(brass) was piodiiccd by smelting oies con- 
taining both metals. Zinc was not recog- 
nized as a distinct substance until some 
tune in the seventeenth centuiy. 

23 Occurrences and Melallurgy 

The occuiionce ol zinc is limited to de- 
posits in scattered localilics on the eaith’s 
surface The most important oies aie 
sphalerite, ZnS, smithsomtc, Z11CO3, mlk- 
mile, ZnSiOi, franklimtp, ZnFeAl-i ivith non 
and manganese replacing some ol the zme; 
zincite, ZnO, and calamine, ZiiJlaSiCB In 
the Unilod Stat,es tlu- (-hief zme-produemg 
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Figure 308 Zinc Furnace 

Zinc ore k reduced in the retorts and the vapor is condensed to liquid 2inc in the condensers, the ends of which are seen 
pro|ectmg from the furnace. The gas thof burns at the ends of the condensers is carbon monoxide 
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Figure 309. Pouring Zinc Spelter from Ladle 

localities are in Oklahoma, Missouu, Kansas, 
and New Jeisey The woild’s pioduction is 
about 2,000,000 metiic tons each year, the 
United States produces about 700,000 tons 
The older motallui'g,ical treatment of zinc 
01 es consists of roasting the sulfide or ignit- 
ing the carbonate to form the oxide and then 
1 educing the oxide by means of caibon The 
01 e IS first crushed and then concentrated 
by flotation (page 556) After loasting or 
Ignition, the concentrated mateiial is heated 
with coal in earthenware letorts, which aie 
about five feet long The letorts aie placed 
in a slightly sloping position in gas-fired 
furnaces. Condensers are placed over the 
mouths of the retoi ts As i apidly as the zinc 
is produced by i eduction, it distills and is 
condensed in these receivers. Zinc is also 
produced in a vertical type of retort The 
tempeiatuie of the retort is about 1200° 
If the tempeiatuie of the condensei is above 
419 4° (the melting point of zinc), the metal 
IS collected m the liquid state and can be 
drawn off and allowed to solidify in molds. 
Zinc dust, containing five per cent or more 
of zinc oxide, first collects in the receivers, 
when the tempeiatuie is low The zinc that 
comes from the molds is called spelter. It 
contains, in addition to zinc, small amounts 


of iron, cadmium, lead, arsenic, and carbon 
Some of these impurities can be separated 
by redistilling the speltei in a vacuum or in 
an atmospheie of hydiogen to prevent 
oxidation 

Moie modem metalluigical practice in- 
volves, fiist, the leaching of the roasted ore 
ivith a solution of sulfuric acid This gives a 
solution of zme sulfate fiom which the zme 
is lecovered by electrolysis The less active 
metals, such as copper, silver, cadmium, and 
lead aie precipitated by the addition of 
metaUic zinc before the .solution is electa o- 
lyzed Veiy nearly pine zinc can be pro- 
duced by the electrolytic method. 

24. Physical Properties 

Freshly polished zinc has a white metallic 
luster, but because of taimshing its moie 
farmliar appearance is blue-giay At ordi- 
nary tempeiatuies, it is hard, ciystalline, and 
buttle If heated to 100°-150°, it becomes 
malleable enough to be i oiled into thin 
sheets and can be diawn into ivire Above 
200° it loses this propeity and becomes 
buttle again This behavior indicates the 
existence of allotropic forms of the metal 
Gianulated oi mossy zinc is made by pouring 
melted zinc slowly into water 

25 Chemical Properties 
When freslily polished zinc is exposed to 
moist air, the surface is soon coated ivith a 
basic carbonate, Zn(OII )2 ZnCOs When 
heated above 600°, zinc bums m air with a 
bluish-white flame to form ZnO It also 
burns when the dust or small particles of the 
metal aie heated ivith sulfui It does not 
displace hydiogen fiom cold water, or even 
from boiling water, but it does displace this 
element from steam if strongly heated 
Impure zinc dissolves leadily m dilute acids 
When treated ivith nitric acid, it libeiates 
the lowei oxides of nitiogen (NO and N 2 O) 
and may also foim ammonia (page 484) 
From dilute hydiochloric and sulfuiic acids 
it hberates hydrogen Pure zinc reacts very 
slowly with these acids because of the 
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tendency of the hydiogen which is liberated 
to collect on the suiface, forming a piotective 
layer Ordinary, commercial zinc dissolves 
readily in dilute acids, because it contains, as 
impurities, non, copper, and othei metals 
Small particles of these metals on the surface 
of zinc form couples (page 637), and hydrogen 
is dischaiged on them rather than on zinc 

Zinc dissolves, also, in solutions of strong 
bases, liberating hydiogen and forming 
zincates This behavioi indicates that zinc 
has non-metallic as well as metallic propei- 
ties The reaction with NaOH is as follows 

Zn + 2 (Na+ + OH-) — 

(2 Na"*" + Zn02~) "h Ha, or 
Zn + (Na+ + Oli-) + liaO — 

(Na+ + liZnOs-) + Ha 

The pioduct of the first of these leactions is 
sodium zincate, and the acid salt is formed 
m the second case Except in the piesencc 
of an excess of NaOH, the acid salt is more 
likely to foim because of the tendency of the 
normal zincate to hydiolyze 

(2 Na+ + ZnOa=) + HaO ^ 

(Na+ + HZnOa-) + (Na+ + OH") 

26. Uses of Zinc 

We aie most famihai with zinc as the pro- 
tecting covering on galvanized iron The 
suiface ol the iron is coated with zinc by 
elect! opiating, by dipping the non sheet into 
melted zinc, or by covciing the surface of 
the iron with a spiay of melted zinc The 
electi opiating pioccss is growing m impoi- 
tance Shei archzed ii on is p i oduced by cover- 
ing the non with a inixtuic oi zinc dust and 
zinc oxide and heating it in a i evolving dium 
Although it IS a modciately active metal, 
zinc resists coiiosion, because a Ihm but 
hrmly attached layei of basic zinc caibonate 
IS formed on the suiface of zinc exposed to 
che an, and the coating piotects the metal 
fiom the fuithei action of oxygen The 
protective action of the zinc coating on gal- 
vanized iron IS explained, m part, by the 
exclusion of an from the surface of the iron 
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When a scratch is made through the zinc 
or the layer of zinc becomes broken in any 
way, the zinc fuither piotects the iron by 
actmg as the more active metal of the 
couple The zinc rusts while the iron re- 
mains unaffected for a time. 

Zinc is also used in manufacturing many 
alloys brass. Babbitt metal (page 524), 
Geiman silver, and others It is also used 
in batteries and dry cells (page 636), m 
separating silver and gold from lead (page 
677); and in weathei -stripping, gutters, and 
cornices It has many uses in the laboratory 
as a reducing agent 

27 Zinc Oxide, ZnO and Zinc Hydroxide, 
Zn(OH)a 

Zinc oxide is a white powder at ordinary 
temperatuies It turns yellow when heated, 
but becomes white again as it cools It is 
made by burning metallic zinc, by heating 
the basic caibonate, Zn(OI-I)2 ZnCOa, or by 
roasting the suKide-oies of zinc. It is used 
as a paint pigment calk'd zinc white Since 
zinc sulfide is also white, paints containing 
zinc oxide (inslnad of white lead) do not 
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Figure 310 The Open Door of a Zinc Oxide 
Furnace 
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darken when they are exposed to an at- 
mosphere containing hydrogen sulfide. One 
of the impoitant uses of zinc oxide is in the 
manufacture of automobile tires (page 577) 
and other lubbei goods It is also used in 
manufacturing glass and enamels, and m 
preparing medicinal ointments 

Zinc hydroxide may be piecipitated by 
adding a soluble hydroxide to the solution of 
a zinc salt The piecipitate dissolves in an 
excess of sodium hydroxide oi potassium 
hydroxide, foimmg a solution of sodium or 
potassium zincate, Na 2 Zn 02 or KaZnOa 

HaZnOs d- 2 (Na + OH-) 

(2 Na+ -H ZnOr) + 2 HjO 

It dissolves in acids to form zinc salts 

Zn(OH )2 4- 2 (H+ -fi Cr) 

(Zu-^ 2 C1-) -b 2 H 2 O 

Zinc hydi oxide, therefore, is an amphoteric 
hydroxide 

We have aheady pointed out (page 648) that 
the precipitate pioduced when a soluble hydrox- 
ide IS added to solutions containing the ions of 
any one of several of the metals is probably a 
hydious oxide instead of a hydroxide Foi 
example, the precipitate that is produced by 
adding sodium hydroxide to a solution containing 
Zn^^" 10 ns should be lepiesented as ZnO nH20 
1 ather than as Zn(OIi )2 Smee the hydrous oxide 
IS of vaiiable water content, and since the leac- 
tions aie more easily understood when the pre- 
cipitate IS represented by the formula of the 
hydroxide, the equations aie usually written as 
we have shown them above. Frequently, how- 
evei, the compound formed by adding hydroxyl 
ions to a solution containing Zn++ ions is as- 
signed the foimula Zn(OH)2(H20)4, which is 
really the foimula of hydiated zinc hydroxide. 
As wiitten, this foimula shows zinc as having 
a co-ouhnation numbei of six When this sub- 
stance acts as a base with an acid the leaction 
may be written as 

Zn (OIi )2 (H20)4 + 2 (H+ 4- 01“) : 4 i± 

(Zn {H20)6++ 4 2 C1-), 

which indicates the presence of the hydiated zme 
ion, Zn(H 20 ) 6 ‘*^ m the resulting solution of zme 


cliloride The reaction, as an acid, with sodium 
hydroxide may be written as 

Zn (0H)2 (H20)4 4 2 (Na+ + 0H-) 

(2Na+4Zn(0H)4=)4 4H20 

The salt Na 2 Zn(OH )4 may be regarded as the 
equivalent of Na 2 Zn 02 2 H 2 O 

Zinc hydroxide dissolves leadily m am- 
monium hydi oxide because of the foimation 
of a very slightly ionized complex ion, 
Zn(Nn3)4-^ 

Zu(0H)2 + 4 NHa — Zii(NH3)4(OH)2 

28. Zinc Chloride (ZnCb) 

Zme salts are prepared by treating zme 
01 zme oxide with the appiopriate acid To 
produce zinc chloride, for example, an excess 
of hydiochlonc acid is used The lesultmg 
solution is evapoiated to diyness, and the 
residue is fused to remove the last tiaces of 
water The excess of acid is used to prevent 
hydrolysis duimg evapoiation In the ab- 
sence of the acid, zinc chloude hydiolyzesto 
pioduce the basic chloude, ZnOHCl, or the 
oxychloiide, Zn20Cl2 Zme chloude is used 
to pieserve wood and to manufactuie parch- 
ment paper These uses depend upon the 
fact that an aqueous solution of zmo chloride 
acts upon cellulose to partially dissolve it 
and to form a gelatine-hke mass Its aqueous 
solution IS also used to clean the surface of 
metals before soldering This use depends 
upon the hydrolysis of zme chloride to form 
hydiochlonc acid, which dissolves the oxides 
coatmg the metals to be soldered. 

29 Zinc Sulfate (ZnSOi) 

This salt IS piepared by roasting ores 
containing zinc sulfide Rome zinc sulfate 
IS pioduced by oxidation This is dissolved 
by leaching the material with watei and is 
lecovered by crystallization The hepta- 
hydrate, ZnS04 7 H 2 O, which crystallizes 
fiom solutions, is called white vitriol It is 
used m medicine, as a mordant in dyeing, 
and m the manufacture of lithopone (page 
669) 



690 METALS OF THE B DIVISIONS 

30. Tests for Zinc Ion 

The separation of zinc from the other common 
metals depends upon the following behavior of its 
compounds; 

( 1 ) The sulfide is not piceipitated by H2S in a 
moderately acid solution It is piecipitated, 
along with the sulfides of non, cobalt, nickel, and 
manganese, and with the liydi oxides of chiomium 
and aluminum, by HjS in an alkaline solution, 01 
111 a neutral solution by (NHi)jS 

( 2 ) The sulfides and hydroxides mentioned 
above aie conveited into chloiides and then into 
hydroxides The liydi oxides of chiomium, 
aluminum, and zinc aie soluble 111 an excess of 
NaOH, because of then amphoteiic charactei 
Chromium is removed by converting it into so- 
dium chromate, and piecipitating the chi ornate 
as BaCrOi Aluminum and zinc aie sepaiated 
by adding HNOj, which loims Al(NOa)a and 
Zn(N03)2, and then adding a model ate excess of 
NHiOH. The aluminum is precipitated as the 
liydi oxide, Al(OI-I)3, and the zinc passes into solu- 
tion as the complex ion, Zn(NH3)4+''' Fiom this 
solution zinc sulfide is piecipitated by H2S in the 
final step of the analysis Since ZnS is the only 
sulfide of the common metals which forms a 
white pieoipitate, the formation of such a pie- 
cipitate ill the final step of the analysis may be 
legarded as evidence ot the presence of zme ion 
in the solution. 

CADMIUM 

Cadmium occius as the sulfide, CdS, m 
the mineral called greenocHte This mineial 
IS rare, howevei , and the cadmium which is 
pioduced comes entirely fiom zme 01 es Al- 
most all of the ores of zinc, and especially the 
sulfide and carbonate ores, contain some cad- 
mium The latio of zinc to cadmium m 
these oies is about 200 to 1 Dmmg the 
1 eduction of zinc oxide, metallic cadmium i.s 
also pioduced and distills ovei with the zinc 
Since cadmium is the more easily leduci'd, 
and also is the moie volatile of the two 
metals, the fiist oi the zinc to be condensed 
contains most of the cadmium If the first 
poition of the distilled zinc is redistilled, and 
if this process of h actional distillation is re- 
peated a numbei of times, the cadmium can 
be lecovered in a faiily pure foim It can 
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also be sepaiated from zinc during the refin- 
ing ot the latter by electrolytic methods 
Cadmium does not pass into solution as read- 
ily as zinc and can be precipitated along with 
the less active metals that are also piesent as 
impunlies m the zinc The laigcst poition 
of the commercial production of cadmium 
amounting to about 2200 tuns pei year in 
tlic United Ktates, ns obtained m this manner 

31. Properties and Uses 

Cadmium gieatly u'scmiblos zinc It is 
Rilvci-wlnto with a .slight tinge of blue It is 
softer, more ductile, and moie malleable 
than zme It becomes buttle when heated 
The metal is used in clcctiophiling non and 
steel articles, such as wire, tools, and auto- 
mobile paits, to pioteci them agaiinst lusting 
It apiieais to be lietim siiil ed lor this pm pose 
ihan zme and is used also In some extent in 
place of nickel It is used to plate articles 
that arc latei plated with silvci' It is also 
used 111 .some antifuclion metals, in ceitain 
soldois, and in several alloys ol low melting 
point (page 527 ) Alloyed with silver it 
seems to retard taimslung Its alloy with 
gold has a gieenish tinge 

32 Chemical Properties and Compounds 

Cadmium oxide is bioivn It is produced 
by the same methods as zinc oxide With 
watei the oxide foims the hydi oxide, 
Cd(OIi)2, which is moie basic in natuie than 
zme hydi oxide It docs not act as an ampho- 
tenc hydi oxide toward solutions of stiong 
ba.scs, although potassium cadmate, K2Cd02, 
IS pioduced when the oxide is liised with po- 
(assium hydroxide The hydi oxide dissolves 
ill an excess ol ammomum liydi oxide to form 
Cd(NII,i) 1(011)2 Cadmium also forms a 
comiilcx cyanide 1011, Cd(CN)4“, and com- 
plex halide 10ns, 

CdClr and CdlW 

Although there are indications of the tem- 
poral y existence of unstable cadmous com- 
pounds, such as CdCl, all the stable and 
familiar compounds ot cadmium are those in 
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which the metal has a valence of positive 2. 
The chloride crystallizes from solutions as 
the hydrate (2 CdCh) 5 HaOj and the sulfate 
as (3 CdS04) 8 H 2 O. The sulfate and also 
metallic cadmium are used m manufactuiing 
standard electrochemical cells for use in 
scientific ivork. The sulfide, CdS, is used as 
a yellow paint pigment. It is less soluble 
than zinc sulfide and is usually precipitated 
in analytical proceduies with the coppci 
gioup (page 460) in a model ately acid solu- 
tion. 

MERCURY 

Meicury was knoivn before the beginning 
of the Christian era It was an important 
substance m the practices of the alchemists 
It IS sometimes called quiclcstlve) Its princi- 
pal ore IS annabai HgS, but it also occurs in 
the native state and as amalgams of silver and 
gold The chief producing localities of the 
world aie located in Italy, Spam, California, 
and Oregon The total annual production is 
about 4000 tons. 

33. Metallurgy 

The ores of meicuiy are of low quality 
and must be concentrated by flotation The 
concentrate is then roasted in the air. The 
sulfur of the 01 e is converted into sulfui 
dioxide and the mercuiy is set free 

HgS + O 2 — > SO 2 + Hg. 

Mei curie oxide does not toim, because it 
decomposes upon heating Since mercuiy is 
volatile, it distills as lapidly as it is pro- 
duced, and the vapor is easily condensed 
The metal is puiified, first by filtering it 
thiough chamois slan or soft leather, and 
then by washing it in a dilute solution of 
nitric acid or mercurous nitrate The mer- 
cury is made to flow in a fine stieam through 
the solution of the acid This treatment 
oxidizes most of the metals piesent as im- 
purities and changes them into soluble com- 
pounds Meicury is also refined by distilla- 
tion under reduced pressure 


34. Properties and Uses 
Mercury is a silver-white, liquid metal 
with a freezing point of —38 9° and a 
boiling point of 357° It is sometimes called 
quicksilver — ’ silver because it has the ooloi 
of that metal, and quick because it moves, or 
“is alive.” It IS an excellent conductoi ot 
electiicity With many metals it forms al- 
loys called amalgams Its use m recovering 
gold by forming an amalgam mth that metal 
has already been desciibed (page 684) 
Sodium amalgam, which is much less active 
than sodium itself, is often used as a reducing 
agent The amalgams of silver, gold, and 
tin are used in making dental fillings Its 
liquid state, high density, and low vapor ten- 
sion fit it for use in baiometers, thermome- 
ters, and similar instruments Since mercury 
has a much highei boiling point than water, it 
may be used advantageously instead of water 
in the boilers of ordinary heat engmes The 
great diffeience between the temperature 
of the mercuiy vapor and the condenser in- 
ci eases the efficiency with which heat is 
changed into mechanical energy The use 
of mercury for this puipose is restricted, 
of course, by its scaicity 
Mercury vapor does not conduct the elec- 
tiic current when it is cold, but it does con- 
duct when the vapor is heated by producing 
an arc in the tube containing the vapor 
The tube is filled with light rich in ultra- 
violet radiation If the tube is made of 
silica (quartz), the ultraviolet rays are trans- 
mitted through the walls and may be used 
in treatmg certain diseases and as illumina- 
tion in photograplnc work Mercury vapor 
lamps are also used as a source of light in 
factories and in street signs A mercuiy 
vapor tube containing one iron electrode and 
one of meicuiy, acts as a current rectifier 
This device causes the current to be con- 
ducted in one direction only and conse- 
quently IS used to change an alternating cur- 
rent (A C ) into a direct current (D C ) 

35. Chemical Properties 
Meicury lies toward the bottom of the 
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electrochemical series and is displaced from 
its compounds by most of the metals Cor- 
responding to its position in the electrochem- 
ical senes, mcrcuiy does not combine leadily 
with oxygen, and does not displace hydiogen 
from acids Like coppei, it dissolves in 
oxidizing acids, such as HNO3, to form salts 
The element forms two senes of compounds 
In one of these it has a valence of positive 1, 
and in the othei a valence of positive 2 
These aie called mercurous and mermne 
compounds, respectively Both series of 
compounds are faiily stable undei oidmaiy 
conditions, but most of the compounds of 
mercury decompose to foim free mercury at 
high tempeiatuies Mei curie ion is easily 
reduced by metallic meicuiy to meicuious 
ion 

(Hg 1-^- + 2 CI-) + Hg — 1 - HfeCb + 

Reducing agents, such as stannous chloride, 
usually leduce mercuric ion to meicuious 
ion, and if an excess of the reducing agent 
IS used, finally to free meicuiy. 

2 (Hg^ + 2 C1-) + (Sn-^ -b 2 Cl') 

HgjCb I + (Sn+^ -b 4 Cl') 
HgaCb + (Sn-++ -b 2 Cl') — 

2 Hg + (Sn+4 -b 4 Cl') 

This reaction is used frequently m the de- 
tection of meicuiy in analytical chemistry 
Active oxidizing agents, such as chloime, 
biomme, and concentrated nitric acid, are 
required to oxidize mcicury 01 mcrcuious ion 
to mercuric ion 

Mei curie salts appeal, by conductivity meas- 
uiements and otherwise, to be only sliglitly 
ionized in solution This is tiue, also, oi the 
salts of zinc and cadmium This behavioi ih 
attributed to the tendency of these salts to foim 
complex ions, such as CdCh“ and HgCh’" 

Meicuious compounds are usually represented 
by double formulas, e g , HgaClj instead of HgCl 
There is good reason for this practice, since in the 
solutions of these compounds, and in the sohd 
and gaseous forms as well, two mercurous ions 
appear to be associated to form the ion, Hg2++ 
The mercury atom contains two electrons in the 


valence shell, and the shell next to this contains 
eighteen elections. In the moicinous ion the 
valence shell still contains an election, which is 
in a more 01 less unstable state Gi eater stability 
IS attained wiien two meicuious 10ns share then 
odd elections (Hg Ilg)''"'' 

36 Mercurous Compounds 

Mcicuroiis oxide, IlgaO, ih produced when 
a mercuioLis salt is tioated with an alkali, 
such as NaOII It is not a stable substance 
At ordinary tcmperatuics it decomposes 
slowly, and at 100 ° it decomposes lapidly 
The decomposition produces fiee mercury 
and mei cm 1C oxide 

TIgzO — y Hg -b PIgO 

Meicurouh oxide is not amphoteiic as shown 
by its lailuie to dissolve m an excess ot 
NaOPI Merewous suljidc, PIgaS, resembles 
the oxide It decomposes under oidmaiy 
conditions into Irec meicuiy and raeicuiic 
sulhde 

HgaR —V Tig -b PIgS 

Mei citrous chloride, HgiCb, is the most 
important salt of the meicuious ion Since 
it is only slightly soluble, it may bo made by 
adding a soluble chlomlo to a solution of 
meicuious mtiate It m also prepared by 
heating moicuiic chloiide with liee mercuiy 

PlgCla + Hg — ^ PIg,Cla 

This leactiun is ic\eiMblc, and the leveise re- 
action is acceleiated in sunliglit Meremous 
chloride 18 a white, crystalline salt, it is only 
slightly soluble in watci , and it sublimes when it 
IS heated It is the sulistanco known in mediome 
as calomel, its medical use depends uiioii the 
stimulating elfcet that it lias upon tlie liver and 
the oignns oi secietion The medical use of 
calomel is safe, although the meieuious ion is 
veiy poisonous, liecausc of the veiy slight solu- 
bility of the compound Calomel should be 
stored in dark bottles, because it is converted in 
the light into the veiy poisonous and more soluble 
mercuric chloride 

Mercurous bromide and mercurous iodide 
resemble the chloiide They are only slightly 
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soluble and not veiy stable The iodide is 
the least stable of the mercuious halides 

Mercurous nitrate, Hg2(NOj)2, and mer- 
curous suljate, Hg2S04, aie piepaied by the 
action of dilute nitiic or sulfuiie acid upon 
an excess of meicuiy If hot, concentiatcd 
acids aio used, the mei curie salts aie foimed 
Meicuious nitiate is faiily soluble in watei, 
but the sulfate is only slightly soluble 
Both salts hydiolyze to foim basic salts such 
as Hg2(OPI)N03 

37. Mercuric Compounds 

When a solution of a base is added to a 
cold solution of a mciciuic salt, a yellow 
piecipitate of mercunc oxide, HgO, is foimcd 
instead of incicuuc hydioxulo, which decom- 
poses immediately even at oidinaiy tompeia- 
tui cs If the yellow mci cunc oxide is heated , 
it changes into a led vaiiety of the same 
compound The red form is prepared di- 
icctly by heating mercuiic nitrate 

2 I-Ig(N03)2 — > 2 HgO -t- 4 NO2 -b O2, 

or by heating mercury in air The red and 
yellow colois of the oxide appear to be due 
to differences m the state oi division of the 
substance lathei than to diffeient ciystal 
sti uctui es When it is heated, mercuiic oxide 
decomposes into meicuiy and oxygen It is 
slightly soluble in solutions of NaOIi 01 
KOH, because of weakly acid piopeities 

38. Mercuric Chloride 

This substance is often called bichloride of 
meremy and corrosive sublimate It is pro- 
duced by heating meicury in an atmospheie 
of chloiino, 01 by healing a mixtuic of sodium 
chloiide and moicuiic sultaie 

IlgSOi + 2 NiiOl — NiuSOj + HgCb 

The meicunc chloiide is easily recovered in 
a faiily pine state because it sublimes fiom 
this mixture It is only modciately soluble 
in watei and the solution, which is a weak 
conductor, appears to contain the complex 
compound HgHgCU It is very poisonous, 
because it destioys the cells of the kidneys 


The "whites" of eggs are used as an anti- 
dote, because mercunc chloride reacts with 
albumen to foim a piecipitate Its poison- 
ous action involves similai leactions mth the 
proteins of the cells A dilute solution of 
meicuiic chloiide (about 1 pait in 1000) is 
widely used as an antiseptic The fluoride, 
broimde, and iodide icsemble the chloiide, 
the order of solubility is iodide, biomide, 
chloiide, fluoiide (most soluble) The iodide, 
Hgli, exists in two foims, scailet and yellow 
The yellow form is stable above 128° Mei- 
cuiic iodide dissolves m an excess of KI to 
foim the complex, K2llgl4 A solution of 
this complex and KOH, called Nesslei’s re- 
agent, IS used in detecting and estimating 
ammonia in vaiious solutions and in watei 
supplies 

39 Ammonia Compounds 
Ammonia combines with mercuric salts to 
foim compounds which are analogous to the 
hydrates 

HgCb + 2 NH3 ^ HgCb 2 NHs 

It also reacts with mercuiic salts in a mannei 
that resembles the leaction of water in 
hydrolysis 

+ 2 Cr) + HOH — > 

HgOHCi -b (H+ -b cr) 
(Hg-H- -I- 2 cr) + HNHi —>■ 

HgNHaCl -b (H+ -b cr) 
HgNHaCl -b HNHa — t- 

Hg(NH2)2 + H+ + Cl-) 

A reaction of this kind, involving ammonia 
mstead of wafer, is called ammonolysis, and 
the products of the leaction are an acid 
(HCl) and an amrnono base 01 an ammonu- 
basicnalt, (HgNH2Cl) Meicuious chloiide 
iorms the same ammonobasic salt as mercuiic 
chloiide and libeiates fiee meicury, when it is 
treated with ammonia 

HgaCb + NHs 

HgNH2Cl + Ilg -b (H+ + cr) 

The amrnono salt is white, but, because of 
the presence of free mercury, the precipitate 
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IS gray or black in color. This reaction is 
frequently used in the detection of mercury 
m its univalent (ineicurous) state 

40 Mercuric Sulfide 

As precipitated by passing hydiogen sul- 
fide into a solution of a mercuric salt, mer- 
curic sulfide is a black, amorphous, very 
nearly insoluble substance A led crystalline 
form of the sulfide is made by heating a 
mixtuic of mercuiy and sulfur, or by giind- 
ing the two elements together and adding a 
warm solution of potassium sulfide Tins 
red foim, called vermilion, is used as a paint 
pigment. Mercuric sulfide is slightly soluble 
in solutions of sodium or potassium sulfide 

41. Other Mercuric Salts 

Mercuric sulfaie and mercuric nitrate are pie- 
pared by oxidizing the metal with hot ooiiceii- 
tiated acids Both dissolve in water but aie 
hydiolyzed strongly to foim slightly soluble basic 
salts, 

IlgO Hg(NOa)!! and HgO.lIgSO., 

Mercunc fulnmute is lIg(OCN )2 It is vciy 
explosive and is used m peicussion caps to deto- 
nate other explosives, such as dynamite and the 
smokeless powder contained in cai fudges oi 
“shells’' of shot guns, rifles, and pistols It is 
made by dissolving meicury in hot nitiic acid and 
adding alcohol 

Mercuric cyamde, IlgfCNla, is soluble in watei 
and in solutions of alkali cyanides, in which it 
foi ms the complex ion Hg(CN) ^ The solid salt 
decomposes, when heated, into mercury and 
cyanogen 

IIg(CN)2^Hg+ (CNh 

SUMMARY 

The metals of the B division of gioiip two 
are distinctly diffeient from the metals of 
the A division of the group, but the diffei- 
ences are not so pi enounced as they aie iii 
group one Fuitheimoie, the first two ele- 
ments of gioup two (beryllium and mag- 
nesium) resemble the elements of the B 
division as closely as they resemble those of 


OF GROUPS ONE AND TWO 

the A division This is not true in group one 
Mercury lesembles the other elements in 
the group very little; it is more like the 
noble metals of gioup one as legards its 
position m the olcctiochemical scries and the 
ease with which its compounds aio decom- 
posed and its ions are reduced Zinc and 
cadmium he above hydiogen in the clectio- 
chcmical senes, but they are not as stiongly 
electropositive as calcium, .strontium, and 
baiiiim Their hydroxides aio stable but 
aic not so stiongly basic as those of calcium, 
stiontium, and barium Zme hydroxide is 
amphoteric and, in its acidic role, resembles 
the hydroxide of beiyllium. In their action 
upon watei , zinc, cadmium, and mercury re- 
semble beiyllium and magnesium more than 
the metals of the A division 

t'a, Si, Ba libeiate liydiogeii iiora cold watei 

Mg libeiates hydiogen fioin steam. 

Zii and Cd, wlien heated, libeiate hydiogen 
fiom .steam 

Be and Hg do not libeiate hydrogen hom 
water oi steam 

All the elements in tlie gimiji have a positive 
valence ol two Mercuiy resembles copper, 
hilvei, and gold in Joiining, also, a series of 
compounds in which its valence is 1 Cad- 
mium also acts as a monovalent, metal in a 
low larc compounds Zme, cadmium, and 
meicury diltci especially fioin the other 
members of the group in their tendency to 
foim complex ions 

Review Exercises 

1 Outline the steps nuolvcil m the metallurgy' 
ol the snlfidc oies ol coppei 

2 Mxplain the punciiiles iii\olvod in the sepa- 
lation of coppei liom gold, silver, and lead 
by the cloctiolytiii retining inoee.ss 

3 I'ixplam the leactions userl m the sepai alien 
of goldfiom othei metals by means of sulfuiic 
acid (page CS4) 

4 Riiggcsl a method foi detoi mining the pei- 
contage of silvci in a silvei com 

5 Wute equations showing the diffcient states 
of eqmlibiium winch aio set up when solid 
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Silver chloride is mixed with water and am- 
monium hydroxide is added 

6 Name the respects m which coppei, silver, 
and gold difier from the alkali metals 

7 Describe the chemical leactions involved in 
the metallurgy of gold (a) by amalgamation, 

(6) by the use of cyanides, and (c) by chlori- 
nation 

8 Starting with a piece of solid gold and a ring 
made of coppei, how would you electi opiate 
the ling with the gold'i’ 

9 From their atomic struotuies explain the 
valences of copper and gold Why do the 
alkali metals have no valence othei than 22 
positive 1? 

10 How would you bring about the following 
transformations? 

Ag2S — >-AgjS 04 , 

CuSO, — >- C u(NH 3 ) 4 S 04 , 

Au — >-HAua, 

HgCh — vHg, 

CuCU — >- CuCl, 

AgNOa — ->■ AgjO, 

Ag — y Ag2S04, 

ZnCh — >-Na 2 Zii 02 

11 Compaie the propeities of gold, silver, and 
copper 

12 Descube the chemical leactions involved in 
Parke’s process foi the production ol silver 

13 Why does pure zinc dissolve more slowly 
in dilute sulfuiic acid than the impuie com- 
mercial product? 

14 Using the principles of the solubility pioduct 
and ionic equilibria explain why CdS, CuS, 
and HgS can be precipitated by PUS m a 
dilute hydiochloric acid solution, while ZnS 
IS not precipitated iiiidei the same condi- 
tions 

15 Biiefly outline the occuiiences, metallurgy, 
properties, and uses of zinc, cadmium, and 
mei cuiy 

16 Give methods that could be used in prepaimg 
the following compounds and state one use foi 
each substance Hg 2 Cl 2 , CdS, ZnO, HgCh, 
HgS 

17 Write a balanced equation to show the 
precipitation of silver from a solution of 
potassium ai genticyanide (KAg(CN) 2 ) by 
metallic zinc 


18 Why IS a solution of mereuious nitrate suit- 
able for use in removing many of the metals 
that occur as impurities in meicury? 

19 What is the weight of gold in an 18-carat ring 
that weighs 20 g 

20 A poition of a silvei com was dissolved in 
nitiie acid and the silvei was precipitated as 
silvei chloride The clued piecipitate weighed 
2 734 g What did the sample of the coin 
weigh? 

21 A hydrate of ciipiic sulfate contains 36 04 
per cent of water W^hat is the foimula of 
the hydiate? 

What weight of chaloopyiite is required to 
produce sufficient cupric oxide to oxidize 1 g, 
of carbon to carbon dioxide'^ 

23 What IS the weight of a block of coppei having 
the dimensions, m feet, of ihj X 1 X 2? 
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ALUMINUM AND THE METALS 
OF GROUP THREE 


1. Introduction 

Gioup three contains twenty-thiee ele- 
ments, but only two ol these (boron and 
aluminum) are veiy well known The 
otheis are very laie and, for the most pait, 
not very important as judged by their uses 
or the uses of their compounds Boion has 
been desciibed m a pieeeding chaptci It 
IS stiictly non-metallic m uatuie Alumi- 
num, which IS by fai the most impoitant ele- 
ment ol the gioup, IS amphoteric So, too, 
ate gallium and indium, but they aie leas 
acidic than aluminum and boion The 
otheis are metallic and basic The gioup 
contains fouiteen very laic elements that 
closely resemble one anothei , those aie the 
lare eaHh metals, which have atomic num- 
beis horn 58 to 71 All the elements of the 
gioup have a valence ol 3 and gallium, m- 
(lium, and thallium loiin othei senes of 
compounds in which then valences aie 1 or 2 

ALUMINUM 

Aluminum was prepaied by Oeisted (1825) 
and Wohlct (1828), who i educed aluininum 
chloiide with metallic potassium This was 
a vciy expensive pioccss, and the metallic 
aluminum thus pi oduced sold for about $] 60 
pci pound In 1854, Dcvillc (Fiance) pio- 
ducccl alunimum by using sodium as a leduc- 
ing agent This led to impiovcincnts in 
methods of pioducmg metallic sodium and 
to loweied puces lor that metal The 
alummum made by DeviUc’s pioccss sold 
foi about |15 pel pound Befoie the woild 
conflict began in 1939, the puce was $0 20 


per pound The metal is now produced by 
a process discovered in 1886 by Cluuios M 
Hall, who began woik on the problem while 
he was a student in Obeilin College The 
name aluminium, as the metal ivas once 
called, Ol aluminum, as it is now called, is 
donved from the woid alum To the al- 
chemists the term alum meant almost any 
sulfate having an astniigcnt taste Long 
hcfoic aluminum was piepaicd in iho un- 
combiiied state, aluminum oxide was lecog- 
nized as a distinct substance and was called 
the “base” of alum 

2 Occurrence 

Aluminum is the most abundant metal 
and the thud most abnndiiiit of tlio elements. 
Ncveithelc&s, il is one ol the latest of the 
metals to be produced and used on a large 
scale, because aliiimiiuiii oxide and other 
compounds of the metal aie not easily le- 
duced, and because veiy puie compounds of 
alummum must lie used Ahiniinum occuis 
most abundantly in clay, winch is a liydiated 
aluminum silicato pi oduced by the weather- 
ing of silicate locks such as the Icldspais 
(page 888) Slate and shale and many other 
natural silicates also euiiLiim alummum, but 
none ol these, except iiiidei imiisiial condi- 
tions, IS used as a soiiici' ol ahiminiun, lie- 
cause they aie all dilliciill. to reduce and con- 
tain many impuiities that aio not easily 
separated from alunimum The most im- 
portant Ole ol aluminum is bauxite, a mixtuie 
of hydiatcd alummum oxide, AI2O3 3 H2O 01 
AI2O3 H2O, and non oxide Cryolite, 
NasAlFo, is also used in the production of 
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Figure 311 Mining Bauxite In Arkansne 


aluminum Other mmoials containing the 
clement aic coruiidimi, AUOa, cmeiy, AhOi 
and the black oxule, FeiOi, of non, garnet, a 
mixed oithosihcatc of non, aluminum, cal- 
cium, and magnc'Mum, and turquoise, which 
containb a baisic aluminum phosphate The 
oxide, with small amounts oi the oxides of 
other metals, occuis as I'uby, sapphue, topaz, 
and oriental amethyst 

3. Metallurgy 

Metallic aluminum is piodnced by Hall’s 
piocess (sec page 696), which involves the 
electiolysis of a solution of aluminum oxide 
m fused ciyohtc The ciyohte was once 
obtained almost entiicly horn Greenland, 
but most of it IS now manufactured Baux- 
ite, from which the oxide is pioduced, comes 
fiom Arkansas and Geoigia or fiom South 
America 

Electrolysis is can led out in an non tank 
The inside walls of the tank aie coated with 
a mixture of coke and tai, which is caibon- 
ized more or less completely by bakmg, thus 


giving the walls of the tank a lining of carbon 
This lining selves as the cathode of the cell 
The anodes aie caibon lods (Figuie 312), 
winch are loweied until they touch the bot- 
tom of the tank An aic is thus produced, 
and this liberates sufficient heat to melt the 
ciyohte, which is added at this point of the 
piocess When the ciyohte has melted, the 
aluminum oxide is then added, and the 
anodes aie laised Fuithei additions of the 
oxide are made as electrolysis pioceeds 
Oxygen is hbeiated at the anode The 
aluminum libeiated at the cathode is in the 
liquid state, since the cell is opeiated at a 
tempeiature above its melting point (660°) 
It IS diaivn otf fiom the bottom of the cell 

The pi eduction of aluminum is moderately ex- 
pensive, paitly because of the electrical eneigy 
that must be used and, also because separation 
of the aluminum oxide fiom the impuiities in the 
natuial bauxite is a lathei expensive piocess. 
Very puie aluminum oxide must be used m the 
electiolytic cell, since the commeicial rehning of 
aluminum made fiom impure material is too 
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costly to be pTaotioal in the pvopaiation of 
aluminum for oulinai y imi [lo >os lion, ospecially, 
must be sepaiated before the aliiiniiiiiiii owle is 
used To obtain the puio (i\ule tliiil iiiuht be 
used in eloctiolyMs, bauMte is pul\c'ii/p<l and 
heated with a holutum ol soihuiii hyilioAide, 
which comei’tb the oMcle of aliaiiiiium into .sol- 
uble sodiiiiii aliimmato, NaAlOj, wliilo the oxide 
of iron IS left lielund nndissohod Alter fdtia- 
tion, the boliition ot hodiuiu aluiiuiiatc ih boated, 
and caiboii dioxide is passed into it in oidoi to 
neutialize some ol the sodium liydioxide 8odiuin 
aluniinate hydiolyzes 

(Na+ -b AlOr) + 2 HOII :^=± 

VUOTIb 1 tNa'--|-On-) 
The piecipitate of aluiniiiutii hydioxidc is lecov- 
ered by filtiatioii and lieatcd stionuly, walei is 
expelled and piiic aluiiiiiium oxide is pioduccd 

The aluiiiinum made by tlii.s pio(‘es,s is 
moie than 1)9 pei ceiil puie Aliiiiiiiium was 
fust pioduccd m .significant (iiiaiititie.s diiimg 
the la.st di'cade of llie mnelceiilli cenlnry 
In 1900, tlio United idtales produced about 
7,000,000 pounds Bclore 1940, the pioduc- 
tion was about 145,000 tons annually Diu- 
ing Woilcl Wai II, the pioduction pioftiam 
called foi 1,000,000 tons ol aluminum per 
annum 

4. Refining of Aluminum 

The puiity of aluminum is increased fiom 


about 99 pel cent to 99 98 jiei cent by the 
Hoopes ))ioces,s of electiolvtic pinification The 
inipme aliiniimim oi an alloy of ('ojijkm and ordi- 
iiaiy coinmcitial aluminum is melted m the bot- 
tom of the cell On top of tins, theic is a layei 
of a lusod inixtuK' of .iluinniuin, sodium, and 
baiinm Hiiondes, in uliicli alnminnm oxide a 
dissohcd 4’he to]) layei emisists of fused, puie 
alunnnurn The bottom lavei is the anode and 
the to)) layei is the cathode Duiiuk electrolysis 
the aluminum in tlic liodoni layei dissohos m 
the melted salts of the middle layei The eoppei 
and othei elements jneseiit as inipnnties in com- 
mercial aluimmirn do not dissohe Hence, only 
aliimimim is liheiated at tho cathode This is 
ponied oft as it acuumnlates ( liapluto electiode.s 
dip into the uppei layei, and of, hens jaoliiide 
thiough the walls of the cell into the bottom layei 
Tliiougli thc.sc elecLiodes coimeetions aie made 
with the elccliieal cncinl, 

This \eiy puie .ilmnnmm is used ni making 
alloys It IS also ii.sed to make the so-called 
Alclad slieels, which aie sheets of duialiiiiiiii 
coated witli lehiied aluimiinin 'I'lie sbeols aie 
mucli moio lesistaiit to coiiosimi tbaii untieated 
duialiimm Piotccted in this mannei , this alloy 
has veiy extensne uses m an planes, automobiles, 
and 111 otlioi situations wheie the stiuctuie is ex- 
posed to the atmospbeic 

5 Physical Properties and Uses 

Aluminum becomes very brittle when 
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CQurUay ^ Aluminxm Company of America 

Figure 313 Pouring Aluminum Pigs from a Large Ladle 


heated to 1 50° or higher, but at lower tem- 
peiatuies it is ductile and malleable It 
melts at 660° and boils at 1800° It has a 
high tensile strength and can be haidened 
by cold -1 oiling or drawing The metal is not 
easy to soldei or to cast, and it tends to ad- 
here to tools used in machining it It is a 
good coiiductoi of heat and of electricity 
As an electiical conductor its specific con- 
ductivity is not so high as that of copper, 
but its lower density makes it more desirable 
than coppei for electrical power transmission 
cables, and weight foi weight, it is the better 
conductor of the two It alloys readily 
with many metals, such as coppei, iron, 
magnesium, nickel, tin, and zinc. Its 
fleshly exposed surface is silvery white in 
color, but the metal soon becomes coveied 
with a thin, tenacious coat of the oxide, 
which produces a dull white lustei , 


The uses of aluminum depend upon the 
low density, high tensile sticngth, and diiia- 
bihty of the metal or its alloys It is used 
as a stmctuial material in the construction of 
automobiles, railway cars, airplanes, street 
cars, fuinituie, and even buildings Its 
most familiar use is in kitchen utcn&ils 
T hi n sheets of aluminum aie used, in place 
of tin foil, as a wrapping for foods and othei 
products, in electrical condenseis, as an 
insulator to reflect heat, in minors, as tinsel, 
and for many other purposes Flashlight 
bulb.s may contain aluminum foil, which is 
Ignited by an electric curient Powdered 
aluminum is mixed with oil to make “silvei 
paint ” Aluminum mrc and cable, also 
aluminum-covered steel cable, are used in 
constructing transmission lines Aluminum 
is used to remove the oxygen fiom iron and 
steel, thus preventing the formation of blow- 
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Figure 314 An All-Aluminum Sfrsnmlinsd Jrain of ths Union Pacific Railroad 


holes m the castings Mixed ivith nmino- 
niiim nitrate, it makes a high explosive It 
IS also used in the thcimit process (page 
645) of welding and leducing the oxides of 
the metals A lectihei (page 691) ol the 
electiic cm lent can be made by suspending 
a plate of aluminum and one of non in a 
solution of sodium hydi oxide 
Tno of the impoitanL alloys of aluminum 
aie magnalium and diualuimn The loimer 
contains about 10 to 30 pei cent of mag- 
nesium, and tdie lattei contains about 4 per 
cent of coppei and about 1 per cent each of 
manganese and magnesium These alloys 
have a tensile sticngtli about twice that of 
aluminum itself, and at the same time they 
aic veiy light metals Othei aluminum al- 
loys contain small peicentages ol olliei 
metals, such as zme and nickel Some of 
these alloys may lie cast and machined Be- 
cause of then lightness and stiength they are 
used extensively in making crank cases and 
othei pints ot the automobile wheie these 
propel ties aie required 

6 Chemical Properties 
Aluminum reacts with the oxygen of the 


air, at oidmaiy teinpeiatiiies, only until a 
coveimg ol the oxuh' is produced At 600° 
and higlier, oxidation is still sonimvliat slow, 
except in the case of tlu' veiy liiii' powdci, 
but at high teinpeialiiK's, the metal bums 
y ilh a veiy 1)1 illiiuil Ilaine It does not de- 
compose watei, all hough it is relatively an 
active metal, hi'caiise ol the de])osi(ion of the 
oxide 01 hydi oxide iqioii the suifaee It dis- 
solves leadily 111 hydrochlorie acid, somewhat 
less leadily iii dilute sulfiuic aeid, and is 
passive Ol maclivo tonaid nitiie acid, which 
may lie .shiiijicd in aluminuni containers. 
The dissolving ol the metal m mine acid is 
accoleiatod by the piesmicc of salts of mer- 
cuiy Aliimiiuim dissolv(‘s, also, in concen- 
tiated solutions of bases, such as sodium and 
potassium hydioxidc', libciatiiig hvdiogen 
and loiiiiuig alumiiialcs (jiagc' 701) This 
bchavioi indicates I hi' amiiliolmic chaiaetei 
o( the metal Aluminum eonibiiies tliu'ctly 
with sulliii, nitiogen, earboii, and the halo- 
gens, when it IS healed in then piesence 
Aluminum has only a valciiee of positive 3 
Its oidmai y compounds aie ei llier aluminum 
salts, such as AldSOi),), or alummatos, such 
as NaaAlOa 
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7 Aluminum Oxide and Aluminum Hydroxide 
Aluminum hydioxide, A1(0H)3, is most 
easily prepared by adding a moderate amount 
ol an alkali to a solution of an alummum 
salt If an excess of the base is added, alu- 
minum hydroxide tails to precipitate, be- 
cause it reacts as an acid, HgAlOs or HAIO 2 , 
with the base 

(Al^ + 3 C1-) -h 3 (Na+ + Ohr) — > 

A 1 ( 0 H )3 + 3 (Na+ -h C1-) 
H 3 AIO 3 + (Na+ -h OH') 

(Na+ -1- AIO 2 -) -h 2 H 2 O. 

In the piosonce of only a model ate excess of 
the base alummum hydioxide foims a white, 
gelatinous precipitate, which tends to become 
colloiddlly dispersed 

iVluminum hydioxide acts as a base with 
acids 

A1(0II)3 + 3 (H+ + 

(Al"^- + 3 C1-) 4- 3 II 2 O 

It iH, tlieiofore, to be classed among the 
amphoteiic hydroxides 

The pieci]ntate that limns when a soluble hy- 
dioxide IS added to a solution containing aliiiiii- 
num ion is piobably the hydrous oxide, rathei 
than the hydioxide, Al(OH)3 It is fiequently 
assigned the faiiiiula AlfOHlsCHiOls, in viliich 
aluminum has a co -01 duration numboi ol 6 Tlus 
substance leacts as a base mth an acid, such as 
hydiochloiic 

A1(0H)3(H20)3 + 3 (H+ + CD ::;:± 

(Al(H20)3-^+3Cn. 

This equation shows the aluminum ion m a solu- 
tion of aluminum chloiide as the hydiated ion, 

AlfHaO)A' + 

As an acid the hydiated hydioxide leacts mth 
sodium hydioxide as follows 

Al(OH)3(niOb + (Na+ + OH-l 

(Na++ Al(Oli)r+2H20 

The pioduct NaAl(OH) 4 is sodium aluminateand 
IS equivalent to NaAlOj 2 II 2 O 

When heated, the aluminum hydioxide, 
which is piecipitated liom solutions of 
aluminum salts, loses some of the water that 


it contains and becomes HA 102 (Al 203 H 2 O) 
Most of the aluminatps aie salts of tlus acid 
(meta alummic acid) When the hydroxide 
is raoie strongly healed, all of the water is 
expelled, and the anhydiide, AI2O3, is foimed 

The salts of alummum hydroxide and the weak 
acids aie hydrolyzed veiy stiongly Such salts 
as aluminum sulfide, AljSs, exist only m the diy 
state If the sulfide is made by the dnect com- 
bination of ahimimim and sultur, and the salt 
IS then placed m water, it is conx'eited completely 
into hydrogen sulfide and aluminum hydioxide 

AI 2 S 3 + G HOT! — 2 A1(0H)3 + 3 H.S 

In a simila? manner the carbonate, acetate, and 
othei salts of weak acids aie hycliolydeil and foiin 
piecipitates of aluminum hydioxide, when they 
aie dissolved in watei This behavioi of alumi- 
num salts has many useful apphoations Cloth 
wliicli is soaked m a solution of aluminum acetate 
beioines impiegnated with the piecipitated 
aluminum hydioxide ])ioduccd by hydiolysis 
Tins piecipitale fills the spaces between the 
tlneads, lendeis the lahric moie neaily watoi- 
pioof, and gnes it a smooth and nonabsoibeiit 
surlace It may be used, also, as a nioidant, 
since it adsoihs the dyestuff and holds it fast in 
the cloth Paj-iei may be sized m a similai maii- 
nei The piecipitated hydioxide gnes a suifaec 
to the jiaper w Inch is less absoi bent and smoothei , 
and nliieh canies ink in a more satisfactoiy way 
than unsized papei 'Phe use of alummum suliate 
111 the pill ificatinii ol watei has been mentioned m 
aiiotliei chajitei (page 179) This use also de- 
pends upon the hydiolysis of an aluminum salt 
Since sulfiinc acid is a stiong acid, the hydrolysis 
is not very pionounced unless the watei is alka- 
line It the WMtoi is acid, sodium caibonate may 
be added to make it alkaline The puuficatiun 
of the watei depends upon the adsorbent action 
of the aluminum hydioxide, which adsoibs and 
caiiies down mth it oolonng mateiial, colloidally 
dispeiscd paiticles of clay, and even bactciia 

Activated alumina is made by stiongly 
heating the hydi oxide It is used as a drying 
agent The oxide pioduced by stiongly ig- 
niting the piecipitated hydioxide 01 bauxite 
in ail electiui furnace until a poition ol the 
mateiial iuses is hard and insoluble in acids 
and bases This pioduct is known under 
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ComUBjj of 'SuTton Vompiiny 


Figure 315 Polishing Cultivator Discs v/Uh a Wheel Coated with an Aluminum 
Oxide AbrosivOf Alundum 


several trade names, e g , Alundum. It can 
be gioiind to a powdci and used to make 
abrasives and as a vefiactory (fiic-resistmg 
buck) Veiy haul, ciystalline foims of 
aluminum oxide occur m nature One of 
these, corundum, is essentially aluminum 
oxide and the other, called emeiy, contains 
magnetite in addition to AI2O3 Both are 
used as abrasives in grinding and polishing 
tools and many paits of machines, such as 
the valves and piston rings of automobile 
engines Impure, ciystalline coiundumalso 
occurs natuially as some of the most valuable 
gems Ruby is coiiindum containing the 
oxide of chiomiiira, C12O3 The blue sap- 
phiie contains the oxides of titanium, non, 
cobalt, and chiomium Aiiificial lubies and 
sapphiies aie now pioduced 111 quantities 
that run into the millions of caiats Tliese 
have approximately the same composition 
and appeal ance as the natural stones, but 
may be distinguished from them by ceitain 
chaiacteiistics of the tiny bubbles that ap- 
pear in the stones, those in the natuial gems 
are lound, while those in the aitificial ones 


are flattened The imitations found in very 
cheap jewoliy aie merely led 01 blue glass. 

8. Aluminum Chloride, AKIlj 

Anhydrous aluminum chlonde is made 
by the diiect action of chloiino upon alumi- 
num The principal commeicial process, 
however, involves the action of chloiine 
upon bauxite mixed with coal If metallic 
aluminum 01 aluminum hydroxide is treated 
with hydrochloric acid, a solution of alumi- 
num chlonde is pioduced When this 
solution IS evapoiated, crystals of the hexa- 
hydrate, AICI 3 0 II 2 O, are formed, but the 
anhydious salt cannot be obtained by com- 
plete cvapoiation and heating to expel the 
water of hydration fiistcaid, the salt 
hydiolyses and loiins the oxide and hydro- 
chloiic acid 

2 (A 1 +++ -h 3 C1-) + 3 iiorr — 

AbOi + ti (.11+ -h cr) 

Anhydious aluminum chlonde is purified 
by sublimation It combines with water 
veiy leadily and is used as a reagent and as 



ALUMINUM 


703 


a catalyst in many organic reactions One 
of the piocesses used in cracking petroleum 
oils, foi example, employs aluminum chloiide 
as the catalyst 

The iodide, bromide, and fluoride resemble 
the chloride of aluminum. The fluoiide 
forms complex salts, of which cryolite, 
NasAlFc, IS an example All of the halides 
form compounds resembling hydrates with 
ammonia (AlCh 6 NHj) 

9. Aluminum Sulfate Ala(S 04 )a 

Aluminum sullate is prepared by treating 
bauxite oi clay with sultunc acid With 
clay the acid reacts as follows 

H2Ah(Si04)2 HsO + 3 (2 H-) + SOi”) — 

(2 Ah ++ + 3 SOr) + 2 H^SiOs + 3 H^O. 

The aluminum sulfate is lecoveied by filter- 
ing the solution, in which the silicic acid is 
insoluble The filtrate is then evaporated 
and ciystals of Al 2 (SOi) 3 18 HiO aie formed 
This substance is now largely used foi most 
of the purposes foimeily served by alum 

Alum is the teim which is most often used 
in refeiimg to the double sail KAlfSOOj- 
I 2 H 2 O It IS made by mixing potassium 
sulfate and aluminum sulfate m equal molec- 
ulai piopoitions, and dissolving them m 
water . The solution is then allowed to evap- 
orate, and crystals of alum are formed 
Other alums may be made in a similar man- 
ner Instead of potassium sulfate, the sul- 
fate of ammonium, of another alkali metal, 
or of othei univalent metals, such as silvei 
01 thallium, may be used Aluminum may be 
replaced by chiomium, non, manganese, 01 
other elements that have a positive valence of 
3 As an example of one of these alums, we 
may mention the double salt of cesium sul- 
fate and feme sulfate, CsFe(S 04)2 12 H 2 O 
This IS cesium iron alum All the alums 
form crystals of the same system — they 
have the same shape 01 foi in, one alum can 
be deposited fiom solution upon the surface 
of the ciystals of another alum without 
change in crystal form or structure Using 
M and M' to denote a umvalent and a tn- 


valent metal, respectively, the general foi- 
mula foi an alum is M 2 SO 4 M'sfSOfia 24 II 2 O 
or 12 HsO 

The alums are called double salts. They 
should be distinguished from compounds 
eontaimng complex ions The former ionize 
m solution to form only simple positive and 
negative 10 ns 

IvAlfSOda — > K+ + A1+++ -k 2 SOr 

The latter yield at least one complex 1011 , 
which may ionize fuithei, but usually only 
to a slight extent, to form simple ions 01 
neutral molecules 

Cu(NH 3 ) 4 S 04 — CiiCNHs)!-^'- + sor 

Cu(NH3)r^ Cu-'-i- + 4 NH3 

Alum and aluminum sulfate aie used in 
file extinguisheis (page 306), in balung 
powdeis (page 384), in piiiilymg water 
(page 179), with losm in sizing paper, and in 
the photographic fixing bath to liaiden the 
gelatin These uses depend upon the hy- 
diolysis of the aluminum salt In baking 
powdeis, the acid which is formed by this 
reaction is the important substance This is 
tme, also, in ceitain fiie extinguishers In 
extinguishers of the foam-pioducing type and 
m the puiification of water, the foimation of 
aluminum hydt oxide is important 

10. Aluminum Silicates, Ceramics 
Many of the most important silicate locks 
contain aluminum (page 534) The iveath- 
eiing of these locks results in the disintegia- 
tion of the complex silicates which they con- 
tain The effect of the weather is due to the 
thawing and freezing of watei in the locks, 
and to the action of water and caibon diox- 
ide as chemical leagents Wlieii a potassium 
feldspai disintegrates, potassium cai donate, 
which IS soluble, is formed and is largely 
removed by water The residue that remains 
is soil and consists of sand and clay 

K2O AI2O3 6 81O2 -f- H2CO3 "f- HoO ^ 

(teldapa.) ^ 2 81O2 2 HoO 

(sttud) (clay) 



704 


ALUMINUM AND THE METALS OF GROUP THREE 


Plug clay, which has the formula shown 
above, is white and is called laohn Oidi- 
nary clay contains compounds of iron and 
of othei metals These give it a yellow or 
1 eddish-yellow color Clay of thib kind has 
often been washed away fiom the locality 
wheie it was foimed and has been depasited 
as sediment in some othei place Kaolin is 
used to make poicelam and china These 
usually contain, also, some feldspar, which 
melts easily and serves to cement the paits 
of the clay aiticle togethei, making of it a 
semi-vitiihed body Impuie clays are moie 
easily fused because of the piesence of the 
oxides of lion, calcium, magnesium, and 
othei metals that form easily melted silicates 
with sand These clays are used to make 
buck, tile, and stonewaie, such as ctocks, 
jais, and ]ugs The articles are buff oi icd 
111 coloi aftci they have been heated in the 
kiln, because of the piesence of ferae oxide 
Stonewaie is usually glazed, to give it a loss 
porous surface, by thi'owmg salt upon the 
articles while they are hoi This treatment 
pioduccs sodium aluminate and sodium 
aluminum silicate, ivliich melt leacldy and 
covei the entire suiface When the aiticle 
cools, the covei mg solidifies, pioducing a 
compact, smooth, wateipioof surface China 
waie is made from a mixture of kaolm with 
bone ash and feldspar, the two latter ma- 
teiials fuse when heated, and fill the pores 
between the grains oi kaolin 

The use of clay in making potteiy and othei 
ceiamic ai tides depends upon the plasticity of the 
paste which is made of clay and watei When 
soaked in watei the clay progicssively hydiates, 
and the paste becomes moie plastic When it is 
heated, it loses the water ol liydiation, and loims 
a liaid, zocic-like mass The clued clay has lost 
its plasticity and, when placed m contact with 
watei , lb not dispei sod 

Piepaiatoiy to the fashioning of ai tides on 
the pottePs wheel or in the mold, the finely di- 
vided clay is suspended in watei The suspension 
lb called the shp Tins inatenal is stoied until it 
IS to be used It is then sepai ated fi om most of 
the watei by means of liltei pi esses The clay, 
that comes from the presses as moist cakes, is 


kneaded m madimch The kneading operation is 
called pugging The fashioning of ai tides on the 
pottoi’s wheel is called jiggmng Premng is the 
pi ocess used to make ai tides such as dishes The 
clay ih piessed upon a plastei mold and the ex- 
teiioi suiface is smoothed, cut, and finished by 
hand The ai tides are placed in saggers, which 
are coiitaiiieis made of flip clay The saggers aie 
stacked in kilns, which are lieated to about 1300° 
fill and gas aie often usi'fl as fuels The heating 
pioeess IS calk'd Jiniig The pioduct that has 
been filed once is called /us'i/nc Kinee it is poious 
it must be glazed, that is, the aitides aie coated 
with a paste of finely giomid feldspai, and re- 
tiiined to the kiln foi a second filing, dining which 
the glazing uiatcimls melt to fmin a glass-like 
cmeniig tliat spieads o\ei all the suiface and 
fills the pores l)GtW[>en the pni tides of kaolin 
Decoiative designs may i'O painted niion the waie 
attci the .second Iiiiiig 'I'hesc designs me made 
by means of the oxides ol dilleioiit metals, which 
dissolve 111 the glaze Ol icaci with it to foimooloied 
silicates. The coloi s aie baked in by a thud 
hung 111 Ihe kilns 

Poiceliiiu m mndi' ol the jniK'st clays ob- 
taiiiiilile d’hosi' lui' mixed with quaitz and 
leldsiiai, and aftei gimdmg, the matoiial 
is flouted 111 water to ii'inovo all the coarse 
puilicles It, IS then passed thiougli liltei 
piesses, and a thick juisti' is olitained This 
mateiial is thou stored lor some time to 
mcieasc the extent to which thi> clay is liy- 
diatcil — - a piueedine that results m a more 
plastic pi oduct The plasl ic mixtuie is then 
made into the desiicd ai tides either on the 
potter's wheel oi by means ol molds, and 
the alludes are heated at a tenipeiature of 
about 1250° 111 the hung kiln Water is 
thus diiven out ol the clay, leaving anhy- 
drous alumuium silicate', and Ihe feldspar 
melts and dissolves (he quartz Upon cool- 
ing, therefore, the ailiclo is almost glass-like 
in appeaiaiice cxce])t loi llu' pie.sence of the 
insoluble ahimiiium silicate, which makes it 
opaque After the lust filing, porcelain waie 
lb covered with a paste made ol kaolin, lime- 
stone, quaitz, and feldspar, and heated again 
kiie brick is made from fiie day, which 
does not soften until it is heated to a tern- 
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peiature above 1500° It resembles kaolin 
and IS purer than oi dinary clay Bi ick made 
from this clay is used as a lefractory in build- 
ing glass-pots, kilns for hung porcelain, 
ciucibles foi melting metals, furnaces, and 
the like The bucks aie fliod oi baked at a 
high tempeialure and aie haidei, more dense, 
and less porous than oidmaiy bucks, which 
are made fiom clays containing laiger pei- 
centages of impurities 

] ] Ultramarine and Lapis La7uli 

Ultramanne u produced aitilieially by fusing a 
mixtme of kaolin, sodium caibonate oi sulfate, 
sulfui, and le&in oi some otliei cai bonaoeous 
mateiial The fused mateiial has cnloi.s that 
vaiy with the composition and the conditions 
imdei which it is made, fiom red tlirougli gieen 
and violet to blue The blue pioduct is used as a 
pigment and as bluing A similar sulistaiice 
oocuis m natuie as the very rare mmeial, lapis 
lazuli Tins has a very beautiful, peimaucnt 
blue coloi It has long been piizod foi its use m 
painting, m mosaics, and in decoiations of 
vaiious kinds 

12 Fuller's Earth 

A very adsoibent variety of clay, called fullei’s 
earth, is pioduced in the United States to the 
extent of almost 300,000 tons each yeai The 
states which lead in the pioduction aie Tloiida, 
Arkansas, Texas, Georgia, Alabama, Cahfoima, 
and Massachusetts Fuller’s eaith is used as a 
filteiing medium and decoloiizmg agent m the 
puufication of oils and as a fillet in soaps It 
owes its name to its eaily use m lemoving the 
grease fiom wool This process nas called 
"fulling ” 

13 Gallium 

When Mendelceff const uicted his peiiodic 
table of the elements he predicted the exist- 
ence of an element to which he gave the name 
eka-aluminum This prediction caused 
others to seek the missing clement, and about 
four years latei the piediction was fulfilled, 
when the spectroscope showed the existence 
of a new element in zinc blende. This ele- 
ment was named galltum after France 


(Galha) The metal is white and soft It 
melts at about 30°, and consequently is m 
the liquid state in waini weather It cor- 
lodes easily in the an It foims some com- 
pounds in which it has a valence of 2 and 
othei compounds in which it has a valence 
of 3 In its tiivalent state it gieatly le- 
sembles aluminum Gallium hydi oxide is 
amphotciic, forming gallates when it dis- 
solves in bases and gallium salts ivhen it 
leaets with acids Examples of these aio 
sodium gallate, NaGaO.>, and gallium chlo- 
ride, GaCh The metal is pioduced bL 
electrolyzing a salt of gallium in an alkaline 
solution Its compounds occur in small 
amounts m some ot the oies of non, zme, 
aluminum, and chioiniuin 

14. Indium 

Zinc blende yielded another new element 
to which the name ot mdiuin was given 
This name lefeis to the two blue lines of its 
spectium It occuis in small amounts in 
some of the oies of zinc, lead, manganese, 
non, tungsten, and tin Most of the indium 
which IS lecoveiecl is obtained m the puiihca- 
tion of zinc spelter The puie element re- 
sembles gallium and aliimmum Like these 
metals, its usual valence is 3, but it also acts 
as a bivalent and as a univalent metal 
Indie hydioxide, In(OII)i, is amphotciic, 
but it IS not so soluble as aluminum hydi ox- 
ide in bases It leacts slightly, foiming the 
mdate ion, InOj~ Alloys of indium aie used 
in ]ewehy, and the element itself is some- 
times applied to reitain metals as a coating 
to prevent coiiosion 

15. Thallium 

The name of this element comes fiom a 
Greek woid which means “gicen budding 
twig” It lefeis to a chaiacteiistic gieen 
line m the spcctium of the element It is 
found in zme ores m which it occuis m larger 
amounts than gallium and indium It is 
also found in non pyiites and in mmeials 
containing lead, tellurium, and the alkali 
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metals It is lecovered from the dust that 
collects in the flues of sulfuric acid plants in 
which sulfur dioxide is obtained by loastmg 
pyiites The metal has a bliush-white color, 
IS soft and malleable, and melts at about 
303° Thallous hydroxide, TlOH, is mod- 
erately soluble and is stiongly basic Thal- 
lous chloride, biomide, and iodide aie 
slightly soluble Thallic hydi oxide, TI(()II),) 
IS not amphoteric; it does not react with 
bases With acids it foims salts such as 
TICI 3 and Tl(NOa )3 These salts are highly 
hydrolyzed, partly because the hydroxide is 
a weak base, and also because it is very 
slightly soluble Metallic thallium is used 
to some extent in making alloys Thallium 
compounds aie sometimes used 111 the manu- 
factuie of optical glass in older to increase 
the index of lefi action 

16. The A Division of Group Three 
The A Division of this group contains scan- 
dium, yttrium, lantlianum, and fifteen eleiticiits 
whose atomic numbers he between 57 and 71 
All these elements aie geneially included in the 
gioup which is called the 1 ai e-eartlis, although 
111 the pel iodic classification this tciin leleis only 
to the 14 elements immediately folloiving lan- 
thanum and pieccding hafiiium Because of the 
elo'ie lelationships of scandium, yttiium, and lan- 
thanum to these elements, however, we shall 
consider them along with the rare-earUis Tlie 
A Division also contains actinium wliicli is best 
known because of its radioactive propeities 
The rare-eaith elements aie metallic m chai- 
actei They lesemble one anothci so stionglj' 
that then separation is extiemely diflicnlt, and 
foi a long time then existence as ludixidual ele- 
ments was not leoognized The fiist disco veiy 
concerning these elements was made about 1800, 
ulien two oxides weie found Those weic called 
Vttiui and oeiia Latci, it was discoveied that 
the^e compounds wcie not simple oxides but 
contained all of tlie elements that ve now call 
the laie-eaiths The individual elements weie 
discoveied fiom time to time. The last one, 
discovered by Hopkins in 192G, was number G1 
and was called illinium Ceria was found to con- 
sist foi the most part of the oxides of lanthanum, 
oeiium, praseodymium, neodymium, illinium. 


and samarium. Yttna was found to contain the 
oxides of yttrium, eiiioiiiura, gadohmum, teibuim 
(lyspi'OHium, hohmiim, erbium, tliulmm, ytter- 
bium, and lutecium 

The ])iinciiial soiiice of the lai e-oaiths is mona- 
zite .sand This is a cnni])le\ jihosphate, to whioli 
the general foimiila AlPDi (wheie M is a laie- 
oaith metal) may he assigned Moniizite is found 
as an alluvial sand along the seaeoast of Biazil 
and m India. 

These metals foim oxides eoiie.spoiuhiig to the 
geneial fotmiila C'eniun foims the oxide 

CVO 2 as well as CcjOa Theie is only a slight 
cliange m piojieities finm seaiidmm to lutecium 
Scandium lesembles ahimiiuim moie closely than 
tlie otheis do It is the least liasie element m the 
entile division Basic iiiopeities show a slight 
mciease m piomiiience as the atomic wciglil m- 
cieases T'ho most almiiihint of the laie-eaiths 
aie those with even atomic niimbeis T'hc salts 
of many of tlie metals aie col.iicd lerl, gieeii, 
pink, lose, oiaiige, 01 yellow The ions of yttiiurn, 
bcaiidiuiii, laiithaiiiiiii, gadohiiiiiiii, teibium, 
yttei biiini, anti hitcciiim aie coloilcss 

T'lie metals aie iiiodiiced by the elecliolvsis of 
then oxides dissoheil m a bath of milted laie- 
eaith Ihioiides In (lie eonibined stale they aie 
.sepaiated fiom Lht' lonpioiinils ol othei metals 
by pieeipitating them as oxalaLts in tlie jiiescnce 
of mtiic acid Mihcli tudnl is an alloy oi the laie- 
eaith metals, it is math* liy the eleilioljsis ol a 
mixtuie of the chloiides It is list'd as a pyio- 
phoiin alloy in eigaiette and gas hghtt'is, liecaiise 
of the ease witli which it iiiav be ignited by 
sciatcliing It may also he used to leinove oxy- 
gen flora cast non, anti 111 the tiaeei Ijiillcts of 
machine guns and in hiiniiH'seenl. shells, which 
shmv the positions ol the “hits” liy the light 
emitted when the alloy is ignited C'uiiiim dioxide 
C’eOj, IS used in making ^^elsll^lch gas mantleb 
(page 571) Poi this pinpo'-e a inixtuie contain- 
ing 1 pel cent ol CcO. anil 1)‘) pci cent ol thoiium 
oxide, 'I'liO., IS iiseil Tlioiiiiin occiiis with the 
laie-eaiUi metals in inoiia/ile s'liitl ('eiium 
dioxide IS also nseil in analyliial tlu'inistiy as a 
powciful oxiihzing iigt'iit (m aciil solution) 

The.similaiity 111 the ( hemic'il lielmi'ioi ol these 
metals is exjilained by the sniiilanty of then 
atomic stnictiiies In the atom ol the fust laie- 
cartli metal, laiithuniiin, the fust, second, and 
thud electron le\els aie filled, and the fouith 
level contains 18 elections The fifth le\el con- 
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tarns 11 electrons which aie divided into sub- 
gioups of 2, 6, 1, and 2 elections 

Lanthanum 

Level 1 Level 2 Level 3 

2 2-6 2 - 6-10 

Level 4 Level 5 

2 - 6-10 2 - 6 - 1-2 

The ouleimost elections of the thud and fouith 
sub-gioups of the fifth level aie not held very 
firmly, and then lemoval fiom the atom accoimts 
for the valence of 3 In the other i at e-earths, 
fiom lanthanum to lutecium, the additional 
elections are located in the fourth level, which is 
not filled until it contains 32 elections, and wlucli 
in lanthanum, theiefoie, has 14 vacant electron- 
positions In lutecium the last of these positions 
is filled, and additional elections (m hafnium, 
tantalum, etc ) must go into some of the sub- 
groups of the fifth level. 

Lutecium 

Level 1 Level 2 Level 3 

2 2-6 2 - 6-10 

Level 4 Level 5 

2-0-10-14 2-6-1-2 

In all of the laie-eaith mclals, thcicfoie, the 
outei groups of elections leniam the same, and 
the elements coiiseciueiitly clisiilay the same, oi 
veiy neaily the same, clieimcal belia\ioi and have 
the same valence 

Review Exercises 

1 Discuss tlie occunences of aluminum m 
natuio and desciilie the method by which the 
metal is pi oduced 

2 Why can metallic aluminum not bo piepaied 
in the same maiiiiei as metallic coppei oi 
metallic zme? 

3 Suggest some method, consisting in a seiics 
of leactions, that might lie used to piodiice 
metallic aluminum Irom clay Why is this 
method not used as extensively as the one 
that stalls with bauxite? 

4 Wiite equations to .show (ft) the ainphoteiic 
chaiactci of aluminum hydi oxide and (b) 
the liydrolysis of aluminum acetate 

5 Assuming an efficiency of 60 per cent, what 
weight of ciystalline aluminum sulfate could 
be pi oduced fiom one ton of puie kaolin? 

6 What weight of puie “potash” alum could be 
prcpaied fiom the weight of aluminum suliate 


made from the clay (sec preceding problem?) 

7 Wliat IS a double salt? Give examples of 
double salts and salts containing complex 
ions, and point out the dififeienees between 
them. 

8 Wliat IS the general chemical composition of 
an alum? 

9 Why does a precipitate consisting of alumi- 
num hydroxide form when hydrogen sulfide 
IS passed into an alkaline solution containing 
aluminum chloride? 

10 Desenbe the Goldschmidt pioccss, its uses, 
and the leactions which it involves 

11 Compare and contiast, m a general way, the 
piopertie.s of aluminum with those of each 
of the following gallium, indium, thallium, 
and the rare-earths 

12 What is the source of the lai e-earths? Ac- 
count for the very close resemblance of the^-e 
elements as legards then chemical properties 

13 Explain the meaning of the following misch 
metal, fuller’s earth, poicelain, Alunduni, 
feme alum, magiialmm 

14 Explain the ongm of clay 
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THE METALS OF GROUP FOUR 


1 Infroduction livian oie The woild’s anmiril pioductiou 

Of the elements of gioup four, carbon, about 180,000 tons In addition to its 
silicon, and the A elemenU — titanium, zn- occiiiience as cassitciitc, tin occurs in seveial 
coimim, and hafnium — have been discussed complex sulfides and oxides I hose minerals 
m eailici chaplors Foui others are to be little inipoitance as a souice of the 

discussed in this chaptoi tin, lead, geima- element 

mum, ,inrl Ihorium As pointed out m Cassiteiite is a heavy mincial, and foi 

Chaptei 34, hafnium, ziiconium, and even icason it is often loiind as giavcl in the 

lilanium have some mclallic chaiactcii.stics, beds of streams that have lemoved the min- 
but piopcily speaking ilu'se elements are to fiom the deposits m which it occiiircd 

be coiisideiod as niemheis ol the silicon fam- oiiginally A coiisideiablc poition of the tin 
ily lathci than the lamily that contains tin that is lecovercd comes from alluvial de- 
and lead hike the elements of the A divi- posits of this kind, Ihis tin is known as 
Sion, the elements of the B division have a “sticain tin. 
valence of 4 in somo ol then eompomids, a 
valence of 2 is also cneouiitcied in some of 3 Metallurgy 

their compounds Cassiteritc oies aio of low' giade and must 

bo concontiated hefoie being tieatcd foi the 
lecovery of the metal d'ho u.sual method of 
concent lation is a (lolalioti piocess, m which 
2. Occurrence (he heavy particles ol the oio settle and the 

It 1 .S eslimated that about 0 OOOOl pet cent lighlei, worthless poitioiis aic eai tied to the 
of the earth’s eiust is tm The most im- top in the froth The eonecntiated ore is 
portant oie ot tins metal is the mineral loastcd to leniovo siilfui and aisemc oi 

rassilciite, SnOn, sometimes called Im stone volatile oxides, and also to eonvoit zinc, non. 

Till ivas oh( allied fiom deposits of ea.s, sit onto and coppci into then oxides It is then 

in I'lngland by the Romans and Phoenicians washed with a solution ol liydiochlouc oi 

The Romans called the clement stannum, sulfuiie aeid, which changes the oxides of all 
and it IS fiom this Latin name that om jnes- of Ihe metals, excejit Im, iiilo soluble chlo- 
ent symbol, Hn, foi tin is detived d’lie iides or sulliitcs d’he tin coiieentiate i.s 
piincipal dojiusils ol cassiteiite m the woild then smelted m a ie\eil)(natoi y fiiiiiace with 
today aic located iii the Malay Ktat.es, Bo- pulverized euihoii (coke oi hard coal), wdiich 
livia, the Duleli Ma.st Indies, Kpam, China, lediiees tin' oxide ol liii to the lice metal 
Pngland, and Austialia d’hcie aie only a Some ol the tin lemains m the slag as a 
lewdopo.silsof IlioimneiiilmNoith Amcnca, .silicate, and .some is cained away m the 
and those aio not impoitaut Some tin i,s dust bom the furnace Both slag and dust 
iccovcied fiom scrap tin plate in the United aic smelted again The tm set fioe duiing 
States, and during tho lecont wai, a smelter smelting is diawn off from the bottom of 
was built in Texas for the icduction of Bo- the fuinace and refined by one ot seveiai 
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methods It may be stirred, while molten, 
with gieen poles (page 673) It may be 
heated m a fuinace with a sloping health, 
the tin which melts at a low tempo ature 
flows toward the bottom of the tuinace, 
leaving blag and othei less fusible materials 
at the top Puiihcation may also be accom- 
plished by a piocess called “tossing ” This 
consists in pouiing the melted tin fiom laige 
ladles The impurities, which ai e less fusible 
and conbequently solidity before the tin, aic 
left in the ladles as the liquid tin is poured off 
At the same time, some of the metallic im- 
purities aie leadily conveited to oxides by 
being bi ought into close contact with the an 
The lepeatedly melting and pouiiiig of the 
tin lemovcs these oxides as poitions of the 
solid material that remains m the ladles 
The puiified metal is cast into laige blocks 
and IS called “block tin ’’ Moie highlj' 
lefined tin is obtained liy electiolysis, using 
impuie tin anodes, puie l,in cathodes, and a 
bath of fiiiosilicic acid (H.jSiFn) and sulfuric 
acid 

Tin IS recoveied fiom sciap tin plate, 
which is used m making cans, pails, and 
othei utensils, by seveial methods, one of 
nhich involves the action of div chlonne 
upon the tin coaling of the plate Chlorine 
converts the tin into stannic chloiidc, which 
IS a volalile liquid, but it has little effect 
upon the ii on that lies beneath the tin layer 

4 Properties 

Tin exists m two allotiopic forms, qiay tin 
and white, oi malleable, tm The transition 
temperatuie at which one loim changes into 
the other is 18° The ordinal y form is that 
of a white malleable metal, which melts at 
232° and boils at 2270° This form of tm is 
crystalline in stmctuie, and the crystals slip 
over one another, when a rod of the metal is 
bent, producing a sound described as “tin 
ciy ” When cooled to 18°, vdiite tin slowly 
changes to the gray form At lowei tem- 
peiatures, the change is moie lapid, and the 
speed of the tiansfoimation is increased by 
the presence of a small amount of giay tin 


or stannous chloride Gray tin has a cubic 
crystal-lattice, while white tm has a tetra- 
gonal lattice The change to gray tm also 
involves an increase in volume Both these 
factors result m the formation of a buttle, 
easily ciumbled metal Articles made of tin 
are consequently likely to disintegrate in cold 
weather The change slowly progr esses from 
some point of oiigin and pioduces an effect 
which, m a way, is similai to infection in a 
plant 01 animal body It is called “tin 
disease ” 

5 Uses 

White tin can be rolled into thin sheets, oi 
tin-foil, which IS used for wiapping foods 
and other products The metal is very re- 
sistant to coiiosion, and for this reason is 
used to make “block tin” pipes foi convey- 
ing distilled watei and other liquids It is 
also used to coat sheets of iron, copper wire, 
and the like Tin plate — used foi cans, 
cooking vessels, and similai articles — is 
made by dipping sheets of non in melted tin 
or by depositing tm electi olytically upon the 
sheets About one thud of the tm used in 
this countiy goes into tm plate The non is 
first cleaned of oxides by “pickling” (page 
350) The coat of tin, which is inactive 
toward oxygen, piotccts the non fiom coiro- 
sion It any non is exposed, oi if the layer 
of tm IS scratched thiough, the iron con odes 
rapidly, and the tin affords no protection, 
since it IS louei in the electi ochemical senes 
than lion It non and tin aie in contact with 
each other, and if both are in contact with 
moist ail, lion coiiodes moie rapidly than it 
does when it is alone 

Tin is also used to produce many alloys 
Borne of these are listed in the table below, 
in which the numbeis in paien theses refer 
to the percentages of the metals present m 
the alloy 

Soldei Sn (50), Pb (50) 

Pewtei Sn (80), Pb (20) 

Type metal Sn (5), Pb (80), Sb (15) 

Rose’s metal Sn (23), Pb (27), Bi (50) 
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White metal, tinsel, bell metal, Britannia 
metal, and gun metal aie other alloys that 
contain tin These vaiy consideiably, not 
only in the peicentagos of the constituent 
metals, but sometimes in the numbei of 
metals that they contain 

6 Chemical Properties 

Tin IS not attaclied by an and moisture at 
ordinary tempeiatuies, but at highei tem- 
peiatuies it is coated ivith a layer of oxide 
When heated in the an above its melting 
point, it is slowly oxidized, and at high 
tempeiatuies ( 1500 °- 2000 °) it burns with a 
white flame The metal reacts moie readily 
with chlonne and the othei halogens than it 
does with oxygen Dry chlorine converts it 
into stannic chloiide It also combines di- 
lectly with sulfur when heated with that ele- 
ment It reacts only slowly with dilute hy- 
drychloric acid to foim stannous chloride, 
SnCb, and hydrogen It i eacts moi e i apidly 
with concentrated hydiochloiic acid It 
also reacts slowly with dilute sulfuuc acid to 
libeiate hydrogen, but it reduces the con- 
centrated acid, hbciatmg sulfui dioxide 
Dilute nitric acid acts upon Lin to form stan- 
nous nitrate, Sn(N08)2, and at the same time 
nitrogen is reduced to one of the lower oxides 
of nitrogen oi to ammonia, which forms 
ammonium nitiate Concentrated mtiic 
acid oxidizes tin very vigoiously to the in- 
soluble beta metastanme acid, H2S11O3, 
(bettei represented, perhaps, as the hydrous 
oxide, SnO ?iH20) and liberates nitiic oxide 
01 nitiogen dioxide Tin is also attacked by 
hot solutions of sodium hydroxide and otlim 
alkalies, in which it dissolves, forming staii- 
mtes, such as Na2Sn02, and libeiatmg hydro- 
gen This behavior of tin is similar to that of 
aluminum and zinc, and shows that stannous 
hydi oxide is amphoLeiic in nature 

7 Compounds of Tin 

Tin has two valence numbers, 2 and 4 
Acting as a metal, it foims, theiefoic, two 
soiies of salts, of which stannous chloiide, 
SnCb, and stannic chloride, SnCh, are typi- 


OF GROUP FOUR 

cal examples The latter, however, does not 
show the characteristic properties of a salt 
to a pronounced degree; in the pure state it 
docs not conduct the electric current, and 
when dissolved in watei , it is highly hydro- 
lyzed The fact that it exists as a liquid 
undei ordinary conditions is also contrary 
to the gencial nature of salts and reveals a 
relationship lietween stannic chloride and the 
chloiides of the non-metals, such as carbon 
tetrachloride Stannic sulfate, Sn(S04)2, 
moie closely resembles the true salts than 
does stannic chloride 

Acting as a non-metal, 01 acid-forming ele- 
ment, tin foims two senes of compounds, 
slanmles and stannates These compounds 
aie salts of stannous acid (Sn(OH)2 — >- 
Fl2Sn02) and stannic acid (Sn(OH)4 — h 
H4Sn04 — >- FDSnOs + H2O), respectively 

8 Stannous Oxide, SnO, and Stannous Hy- 
droxide, Sii(OH)2 

Stannous oxide is a black or green powder, 
depending upon the method of pi eduction 
It IS prepared by heating stannous hydroxide 
01 stannous oxalate, SnC204 

SnC204 — >- SnO -h CO -f CO2 

It burns in the aii, when it is heated, and 
foims stannic oxide 

Stannous hydi oxide cannot be prepared 
in the puie, diy state When the precipi- 
tated hydroxide is heated, it is dehydrated, 
founing fiist (SnO)2 IBO and finally the 
oxide It may be pieeiintated by adding an 
alkali hydroxide to a solution of a stannous 
salt 

(SnH -h 2 C 1 -) -f 2 (Na' Oir) ^ 

Sn(0n)2 -f + 2 (Na' -b Cr). 

The piccipitato dissolves in an excess of the 
alkali, forming sodium staiimte 

HaSiiOa - 1 - 2 (Na+ -f- Oir) — >■ 

(2 Na+ + Sii02=) -b 2 H2O 

It also dissolves in acids, foiming salts like 
SnCh The hydroxide, therefore, is ampho- 
teric 
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Like the coue&ponding compounds of zinc 
(page 689) and aluminum (page 701) the com- 
pound that we have represented above as stan- 
nous hydroxide, Sn(On)2, is probably the hydioiis 
oxide, SnO MH2O 

9 Stannous Chloride, SnCU 
A solution of this salt can be prepared by 
dissolving tin in concentiated hydiochloric 
acid The anhydious salt is prepared by 
passing hydrogen chloride ovei the metal 
When a solution of stannous chloride is 
evaporated, crystals of SnCh 2 IW form 
When heated, this hydiate liberates hydio- 
chloiic acid by the hydiolysis of SnCh, which 
IS converted into the basic salt, Sn(OH)Cl 
Stannous chloride is widely used as a reduc- 
ing agent, because of the tendency of tin to 
pass into the quadrivalent condition It 
1 educes mei curie chloride to mercuious 
chloride (page 692) and feme chloiide to 
fen ous chloride These and similai reactions 
are frequently employed in analytical chem- 
istry It IS used m dyeing as a mordant, m 
weighting silk, and in the manufacture of 
tm-coated metallic articles, such as pms 

]0 Stannous Sulfide, SnS, and Stannic Sulfide, 
SnSs 

Stannous sulfide is piecipitated as a daik- 
brown solid when hydiogeii sulfide is passed 
into a solution of a stannous salt 

(Sn++ + 2 C1-) + II3S — > 

SnS + -l-2(H-'-+Cr) 

The piecipitate foims in the presence of a 
modeiate excess of HCl, but is leadily soluble 
in concentiated acid It is not soluble m 
ammonium sulhde, but it docs dissolve in 
ammonium polysulfide It is fiist oxidized 
by this icagcnt to stannic sulfide, which then 
dissolves to form ammonium thiostannate 

SnS + (NHOsS. — 

(2 NH 4 + + SnSa^) + (x~l)§ 
or, SnS -b (NHOsS.^ ^ 

SnS2 + (NHJaS + (x - 1) S I' , 
and SnSa + (2 NII4+ + S") — >■ 

(2 NH,+ + SaSa") 


These reactions aie impoitant in the separa- 
tion of tin from other metals whose sulfides 
do not react with ammonium sulfide They 
show that SnSa, like SnOj, is acid-formmg in 
character; that is, the thiostannates are 
salts of thiostannic acid, HjSnSa, which coi- 
responds to stannic acid, H2SnOj Thio- 
stannic acid is not stable Whenever it is 
produced by the action of acids upon its 
salts, it immediately decomposes, foiming 
stannic sulfide 

(2 NH4+ + SnSa'') + 2 (H+ -b C1-) 

aSnSs + 2 (NH4+ + C1-) 
HiSnSs — >■ SnS2 + HjS 

Stanmc sulfide is a yellow solid; it can be 
piecipitated by HaS from solutions contain- 
ing the Sn+^ ion 

1 1 . Stannic Oxide, SnOa 
Stannic oxide is a powder which is white 
when cold and yellow when hot It is pie- 
pared by burmng tin 01 stannous oxide at a 
high tempcratuie, 01 by igniting stannic hy- 
droxide If the oxide is stiongly heated it 
becomes inactive and lesembles the mineial 
cassilerite. If piepared at a relatively low 
temperature, it dissolves m acids and m 
alkalies It is used in the manufactuie of 
opaque glass and enamels 

When ainmoimiiu hydroxide is added to a 
solution of a stannic salt, a jelly resembling 
sihcie acid is pioduced, instead of the definite 
compound, Sn(OH) 4 , that we might expect 
This substance possesses acidic piopeities, it is 
sometimes called metastannic acid and assigned 
the formula HjSuOs A substance of similar 
composition is formed when nitnc acid acts upon 
tin (page 710) Both substances aie piobably 
hydious oxides which difter m water content 
The compound made by piecipitation is called 
alpliastanmc and and that made by the action 
of nitiio acid upon tin is called beta-slannic acid 
The former dissolves leadily in dilute acids and 
alkalies but the lattei does not Sodium meta- 
stannate, Na2SnO, (or as the formula is fie- 
quently written to show the piobablo extent of 
hydration, Na^SnlOIDc), is used m firepioofing 
cloth and in weighting silk. Cloth to be fiiepioofed 
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IS dipped m a solution of sodium atannate and 
then into a solution of ammonium sulfate The 
latter hycliolyzes to liberate hydiogen ions, winch 
react with stannate ions to foi m stannic at id 
The acid is deposited in the cloth and makes it 
noncombustible 

Like other ions of this kind, the stannate ion 
probably exists in solution as the hydrated ion, 
SnOa" 3 H20 or SnfOH)^” 

1 2. Stannic Chloride, SnCU 

We have aheady mentioned some of the 
unusual piopeitics ol this compound (page 
710) It IS made liy the action of an excess 
of chloime upon tin The anhydious com- 
pound IS a liquid which boils at 114° and 
freezes at -C0° With water it foims a 
ciystallme hydrate, which has the foimiila 
SnCU 5 H 2 O It loims a complex acid with 
hychogon chlonde, HaRnClo d'his substance 
is called cklorostanmc acid The ammonium 
salt ot this acid, (NHjljSnCla, is used as a 
mordant in dyeing Stannic chlonde itself 
is used foi a similar puiposc and also foi 
weighting silk flliose uses depend upon the 
hydiolysis of the tin compounds and the 
foimation of stannic acid With alcohol and 
ammonia, stannic chloude foi ms compounds 
that are analogous to the hydrates. 

LEAD 

1 3. Occurrence 

Lead was pioduced and used by tlie 
Egyptians, Babylonians, and Romans The 
symbol, Pb, of the element comes from the 
Latin name plwnhmi The most irapoilant 
oie of lead is galena, PbS, winch is found in 
association with sulfide mmeials ol zinc, 
silvoi, copper, aisemc, antimony, bismuth, 
and tin, and ivith other mmorals, such as 
quaitz, fluouLe, and bante Ccrussilr, 
PbCOf, and anglctnte, PliSO,, aie also ol 
some importance The United States .md 
Mexico pioduce appioximatcly one half of 
the world’s supply of lead Spam, Australia, 
Canada, and Geimany aie the othei pimci- 
pal ptoducing countnes Most ot the lead 
pioduced m the United States comes Irom 


Missouri, Idaho, and Utah The world’s 
annual pioduction is about 1,700,000 tons, 
of w Inch the United States produces 425,000 
tons 

14 Metallurgy 

The load 01 e is ciushod, concentrated by 
dotation, and then loastcd m a lurnace to 
lemove a part of the sullui Duiing the 
loasting the sulfides of 11 ou, zinc, and coppei 
aic changed into oxides The lead sulfide 
lb paitially converted into lead monoxide, 
PbO, and lead sulfate, PliSUi 

3 PbS -h 5 O 2 PbSOi + 2 PbO + 2 SO 2 

Some ot the lead sulfide lemains unchanged 
d’liis material is then mixed wdh fiesh oie, 
iron 010 {IMAL), ciubou, and limestone, and 
healed in a small blast funiaco Aii is foiced 
m at the bottom of tins lurnacc' The lime- 
stone is addl'd as a flux loi tlie silica winch is 
pieseiit ill the me Seveial leaclioiis occui, 
hut the puiici])al one is the reduction of lead 
monoxide by carbon or eaibon moiioxido 

PbO + C — PI) -t- (’() 

PbO + CO — PI) + CO 2 

The eaibon also leduces fmiic oxide to fei- 
rous oxide 

Fe/L-f C — >-2FeO + C() 

Feiioiis oxide aids in tlii' libeiiilioii ol metal- 
lic lead by pailicipating m tl e lollinvmg ic- 
actions 

l’l),S -1 JAO -I- C — 1- I'cS -t- PI) -p CO 
l’l)S(),-|- KeO |-F)C — >- L'S I Pb-pFOO 

Soiiii' load IS also pioduced liy tlu' uili'iactiou 
ol lead sullide and lead oxide 

PbS -P 2 I’hO — PI) -P SOs 

Tlie lead is diawn oil liom llie lilast furnace 
as Ic'ad This eoiitiiins some silvei, 

gold, lusinulh, zinc, eoppei , aisenic, anli- 
monv, and othei metals Tlie lemaining 
piodncis of the furnace are the slag, which is 
woil bless, and a matte, which consists of the 
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Figure 316 White Lead Paint in Paste Form 


sulfides of eoppei , lead, iiou, and olhei 
metals The miille is tieated a{>,am in the 
blast hunaei' to lei ovei the load, silvei, and 
gold whieh it eontiiiiis 

15. Refining 

head bullion i.s hard beeaii.se it contains 
alloys ol lead with oIIku metals The moie 
ea.sily o\idi/ed metals an' sepaiated by 
meltnifi, the bullion in a leveibeiatoiy fiir- 
iiaee in the ineseiiee of an Aiseinc, 7 , me, 
aiitimoiiy, eoppei, and some ol the lead aic 
changed to oxides, which float on the melted 
load and aie lemoyed by skimming The 
lead IS then drawn off and further puiified 
6y one of the following methods. 

(1) Parle’s Process The lead is melted with a 
small amount of zinc, which does not mix with 


the lead The zinc layei dissolves silver, gold, and 
copper and floats on the heavier layei of lead 
When the top layei cools, it forms a ciust, which 
IS easily skimmed off The lead must be treated 
with zme thiee or fom times to lemove the other 
metals The small amount of zme that is not 
removed by skimming is sepaiated from the 
lead by changing it into the oxide This is 
accomplished by blowung air and steam into the 
melted mass 

(2) TJie Beits Process This is an electrolytic 
piocess of lefining Anodes made of the lead 
bullion aic suspended in a bath of fluosilicic acid 
and lead fluosihcate, PbSiFs The lead dissolves 
from the anodes and is deposited on cathodes 
made of sheets of pure lead The process is very 
much like the eleotiolytic refining of copper The 
anode mud contains silver, gold, and bismuth 
The more active metals, such as iron and zinc, 
di-isolve but remain m the solution 
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16 Physical Properties 

Lead is a soft, malleable metal A fleshly 
cut suiface is brightly lustrous, but this is 
soon coveied in the air with a coat of dull 
giay material containing the basic carbonate, 
lead monoxide, and particles of lead The 
metal has a very low tensile strength, a 
greater density (11 3 g per cc ) than any 
other common metal; and a melting point of 
327 5° When heated to a tempeiature 
slightly below its melting point it becomes 
softei and moie plastic In this condition it 
can be made into lead pipes, wiie, and lods 
It is only a moderately good conductoi of 
electricity 

17. Uses 

Lead has a few propeities that make it 
suitable for a number of uses It is soft and 
easily melted, hence it is easily molded and 
worked It is not very active chemically, 
and theiefoie docs not con ode easily and is 
durable under conditions that cause many of 
the moie active metals to weai away quickly 
The use of lead in making the chambers of a 
sulfuiic acid plant has already been men- 
tioned (page 501) It is also used to make 
pipes and troughs for the conveyance of 
liquid wastes, tiaps foi sinks, and so on 
It IS sometimes used as a lining in pipes, 
tanks, sinks, and othei apparatus and con- 
tameis whose outside walls aie made of less 
lesistant metals It is utilized as a coveiing 
01 sheath foi telephone and other electrical 
cables, to make the plates of stoiage batter- 
ies, in the manufactuie of white lead and 
othei compounds of lead; and in the produc- 
tion of many alloys, some of which arc 
pewter, shot, solder, type metal, and fuse 
metal 

1 8. Chemical Properties 

Lead is diiectly above hydrogen in the 
electromotive senes This means that it is 
a slightly active metal Its activity in reac- 
tions with most reagents is further decreased, 
because the compounds formed in these re- 
actions are insoluble and act as protective 
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coverings for the metal A fleshly cut sur- 
face tarnishes rapidly m the air because of 
the formation of a thin coat of the oxide and 
basic carbonate It does not react notice- 
ably with cold water and only very slightly 
with hot water When lead pipes are used 
for the conveyance of hard water, the pipes 
become coated with a layer of lead car- 
bonate and lead sulfate If soft water which 
contains dissolved oxygen flows through the 
pipe, lead hydroxide, rb(OH) 2 , is formed 
The hydroxide is somewhat soluble in water 
and, like all lead compounds, is poisonous, 
foi this reason, lead pipes are not suit- 
able for the conveyance of drinking watei 
Hydiochloiic acid attacks lead only slightly, 
and dilute sulfuiic acid has still less effect 
The action of both acids is ictaided by the 
foi matron of insoluble compounds Sul- 
furic acid solutions containing more than 
77 per cent of LLSOi act upon lead more 
rapidly than the dilute acid, since load sul- 
fate is more soluble in concontiatod sulfuric 
acid and therefore docs not protect the metal 
Nitric acid dissolves load, forming lead 
nitrate and hbciating nitiic oxide oi nitiogcn 
dioxide (cf copper, page 484) Many of the 
weak acids, such as hydiosulhmc, caibonic, 
and acetic, act upon the metal 
The most familiar compounds of lead are 
those in which the metal is bivalent The 
hydroxide, Pb(OI-I) 2 , is amphoteric, but it is 
moie basic than acid, and hence lead is more 
likely to be found as Pb'*''” than as PbOa'" ion 
The bivalent salts of lead, if soluble, aic 
moderately hydiolyzed in solution Basic 
salts aic often produced as a result of hy- 
drolysis Lead also forms a seiics of com- 
pounds in which it acts as a quadiivalent 
clement Among these aic lead dioxide, 
Pb02, and salts corrospondmg to Pb(OII)i, 
or H-PbOa, ivhich act as an acid All soluble 
lead compounds are poisonous They act 
as accumulative poisons, since their elimina- 
tion, through the kidneys, is veiy slow 
Great care is exorcised to prevent lead pois- 
oning in the industries which involve the 
use of lead or its compounds Poisoning 
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may result fiom the entrance of lead into 
the body thiough the mouth or nostrils as 
dust in the air that is bioathcd 

19 Oxides and Hydroxides of Lead 

Lead monoxide, PbO, occurs in two ciys- 
talline foini.s, one led and one yellow m coloi 
The lattez is calk'd mamcot The eommei- 
cial foiin called hlharga is bull, because it 
contains some led lead It may be piodiiced 
by heating lead in the air, but the com- 
meicial pioduct is made, hugely, during the 
lefinmg of lead and silvei It is used in mak- 
ing lead glass, m maniifactuimg lubber 
goods, stoiage batteiics, glazes foi pottery, 
and paints It is used as a "duel ” foi linseed 
oil in paints, where li. pi obalily acts as a cata- 
lyst foi th(' leael-ion m which linseed oil ab- 
soibs oxygen horn the an and is oxidized to a 
haid film A mixture of hthaige and glyc- 
ciine IS used iiv phunbeis as a lapidly 
haidoniiig cement 

Lead dioxide, Pl)( la, may be produced as a 
deposit on the anode when acid solutions of 
lead salts aio olcctiolyzod (Review the 
section on llie Storage Battery, page 638) 
It may also be pioduced by the action ot 
vigoious oxidizing agents — such as chloiine, 
sodium hypochloiito, bleaching powder, or 
calcium hypochloiite — upon lead hydroxide 
01 sodium plumbite, Na 2 Rb 02 

(Pb-H- + 2 C1-) + 2 (Na'- -h OH-) — ^ 

2 (Na'-+Cr) + Pb(OH )2 I 
Pb( 01 i )2 + (Na*- + CIO-) — 

PbOa + + I-RO + (Na+per) 
01, Pl)()2’= + Cl(r-|-Il20 — 

Pb02 4- + cr + 2 Oli- 

Lead dioxide is also pioduced liy the action 
ol nitiie .icid upon rod lead, PbjOi 

PbjO 1 p 4 ( II ^ P N O 3 ) — 

Pb ()2 P 2 IPO P 2 (Pb*-^ P 2 NO 3 -). 

It IS a blown powder It is a very good 
oxidizing agent, and most of its uses depend 
upon this piopcity It is used in storage 
battciics, m making the “ staking ” surface 
on boxes of safety matches, and in many 


reactions involving oxidation, such as the 
preparation of potassium permanganate 
fiom manganese dioxide, or the liberation 
of chlorine from hydiochloric acid 

Lead monoxide and the coriespondmg hy- 
dioxide, Pb( 0 Ii) 2 | which is piecipitated 
when an alkali is added to a solution of a lead 
salt, are soluble m acids and in bases 
Plumbous salts, such as PbCh, are formed 
"With acids, and plwnbites are formed in 
solutions of bases 

H2Pb02 P 2 (Na'*' P OH—) — >■ 

(2 Na-*- P Pb02=) P 2 H 2 O 

As compared with stannous hydi oxide, 
Pb(0H)2 IS a slightly strongei base. 

Lead dioxide dissolves slightly in concen- 
tiated solutions of alkalies, forming plum- 
bates, as Na 2 PbOi, 01 Na 2 Pb(OH)o Toward 
acids, the dioxide is almost inert as regards 
basic properties It reacts slowly with nitric 
acid, but lead is reduced to the divalent state, 
and oxygen is liberated in the leaction 
Under ordinary conditions, it oxidizes hydro- 
chloiic acid to libeiate chloime, but a liquid 
lead tetiachloiide may be formed at veiy 
low temperatures In glacial acetic acid the 
dioxide dissolves to form lead tetra-acetate, 
Pb(C 2 H 802 ) 4 , which IS completely hydro- 
lyzed by water 

20 Red Lead, Pb 304 

Red lead, or minium, is not an oxide but a 
compound of two lead oxides, PbO and PbOi 
This compound, Pb2Pb04, may be called plumbous 
plumbate (2 PbO PbOa). It is a red powder and 
IS produced by heating the monoxide m the an 
at temperatuies between 450° and 500° It is 
used m glass-making and as a paint pigment, 
especially in paint applied as the fiist coat foi 
stiuctuial iron and steel Tins paint is veiy 
effective in piotecting the metal against cono- 
sion Mixed with linseed oil, it makes a good 
seal for joints in pipe lines 

The so-called lead tnoxide, Pb 203 , is also a salt, 
PbPbOs This compound is the metaplumbate, 
while led lead is the orthoplumbate The former 
coi responds to metaplumbic acid, HPbOa, and the 
latter to orthoplumbic acid, H 4 Pb 04 (Pb( 0 H)i) 
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21. Lead Nitrate, Pb(N 03)2 

This IS the salt of lead which is commonly em- 
ployed in the laboratoiy to piepare solutions of 
the plumbous ion, Pb++ It is piepaied by the 
action of nitric acid upon lead oi lead monoxide 
It IS used as a moidant, in matches, and in the 
pieparation of othei lead compounds When the 
crystals of the salt are heated, lead monoxide is 
produced by decomposition It is solulile m 
water, but hydrolysis pi oduccs a slightly soluble 
basic mtiate, except in the presence of an excess 
of acid 

22. Lead Acetate, Pb(C 2 H 302)2 

Lead monoxide dissolves in acetic acid to loiin 
plumbous acetate, which ciysUllizes as tlie 
hydiate, Pb(02H30i)2 3 ILO This salt of lead 
has a sweet taste and is called sugm of lead It is 
used m piepaimg ointments foi the tieatment of 
ceitam skin diseases and m the dyeing and pimt- 
ing of cloth It IS veiy poisonous 

23. Lead Halides 

The hahdes of lead, of which lead cliloride is 
the most familiar, aie prepared by the action of 
the hydro-halogen acids upon lead monoxide or 
by piecipitation leactions between plumbous ion 


and the halide inns They aie slightly soluble m 
cold watei and somewhat moie soluble m hot 
water When thou hot satuiated solutions are 
cooled, the chloiide and biornide sepaiate as 
gleaming white ciystal.s, and the iodide forms 
blight golden-yellow spangles 
In the detection of lead in a solution which 
contains other metals, lead ohloi ido is jw ccipitatod 
along with the chlorides of silvoi and mercury 
(-ous) by the addition of a .soluble chloiide. The 
lead chloride ot the lesidue, winch i.s sepaiated by 
filtialion fiom the solution coiitammg other 
metals, is then icinoved by dissolving it m hot 
watei, in which silver and meicuious chloiides do 
not dissolve appieciably The load ion may then 
be detected m the solution obtaiiiod liy washing 
the lesidue with hot water by adding sodium oi 
potassium chromate, nliioh prewintates the lead 
as lead chiomatc, PliCiOi 
24 Paints, White Lead 
This substance is th(‘ Inisio cnibonatc of 
lead, Pb(OII )2 2 PliCOj H ns bast known 
as a substance used to pi ovule the body of 
paints Paints aie made liy grinding an in- 
soluble, heavy, duiable substance m linseed 
oil, hemp oil, oi tung oil Tlie body must 



Courtesy qf Naiwrml Lead Company 

Figura 317 Pots and Lead Buckles Used in Making White Lead 
Buckles before and after corrosion are shown, 
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possess good "hiding” power m covering the 
surface to which the pamt is applied White 
lead is one of the most widely used sub- 
stances for this puipose, but lithopone and 
titanium dioxide are also used Coloiing ma- 
teiials are addl'd to foim paints of the de- 
sired coloi or shade , tlieso are called 'pigments 
Many paints also contain ccitain filleis, 
such as calcium or biuiiim suUate, kaolin, or 
calcium caiboiuite These substances, if 
used in excess, lower the dui ability of paints, 
but when added in carefully calculated pio- 
portions lower the cost and at the same time 
make the pamt spiead moie easily 
The oil used in paints must diy, oi harden, 
when exposed to the an, to foiin a durable, 
flexible coating on the painted surface The 
diying process involves oxidalion, nhieh is 
accelerated by heating the oil with diijos, 
such as the oxides ol lead and manganese 
White lead is usually made by the Carter 
or by the Old Dutch process The latter has 
been used tor seveial centuiies In this 
piocess the lead is cast in the foim of thin, 
perfoiated disks, called “buckles ” These 
disks aio stacked in carthenwaro vessels 
containing a sliallow layei of dilute acetic 
acid The vessels aie stacked in tiers m a 
huge room and covered with spent tanbark, 
ivhich feimenis, lilierating caibon dioxide 
and pioducmg heat, which vapoiizes the 
acetic acid White lead is pi educed by the 
action of acetic acid vapor, caibon dioxide, 
water, and oxygen upon the lead The 
piocess lequiics three oi foui months foi 
completion We may think ol the following 
equations as leprcsenting the changes which 
occur, although the exact nature ol the le- 
aetions is unknown 

f Pb -b 8 IIAc -1- 2 ()2 — 

Pb(C 2 H 302)2 + 4 IbO 
Fb (Call, 02)2 -b HOn — 

Pb(OH) (C2H3O2) + HC2H3O2 
3 rb(OII) (C2H3O2) + 2 H2CO3 — > 

2 PbCOa Pb(OH)2 + 3 HC2H A + IbO 

The Caiter piocess produces white lead 
more rapidly than the Old Dutch piocess 


OF GROUP FOUR 

Melted lead is atomized by a blast of com- 
pressed an. This finely divided mateiial is 
then placed in levolvmg wooden drums, 
which also contain acetic acid and carbon 
dioxide The leactions aie completed in 
about two weeks White lead is also manu- 
factuied by an eleetiolytic piocess The cell 
consists of two parts, sepaiated by a poious 
diaphiagin; one part contains a solution of 
sodium caibonate and an non cathode; the 
othei contains sodium acetate, acetic acid, 
and a lead anode Lead ions are set fiee at 
the anode, by the action of acetic acid upon 
the metal, and move toward the cathode, 
neai this electiode, they leact with hydroxyl 
and caibonate 10 ns to form basic lead car- 
bonate or white lead 

The United States pioduce.s about 200,000 
tons of white lead annually 

25. Other Compounds of Lead 

Lead chromate, PbCrO 1 , is used as a yellow paint 
pigment, which is called chrome yellow Lead 
sulfate, PbS 04 , is an insoluble salt of lead It is 
produced by adding a soluble sulfate to a solution 
oi a lead salt Precipitated lead sulfate is used 
to some extent as a paint pigment Sublimed 
white lead is a mixtiiie of lead .sulfate and lead 
monoxide It is pioduoed by heating galena and 
IS used as a pigment Lead arsenate, Pb 3 (As 04 ) 2 , 
is a white, slightly soluble salt It is prepared by 
mixing sohitaons of lead acetate and sodium 
aisenate, and is used as an insecticide Lead 
sulfide, PbS, is one of the very slightly soluble 
sulfides, it is piecipitated by hydrogen sulfide 
fiom solutions containing the lead ion m the 
piesenco of model ate conoentiations of hydro- 
chloiic acid In qualitative analysis it is precipi- 
tated, theiefoie, in the gioup that contains copper 
and mercuiy Lead tetraethyl, Pb(C 2 H 5 )i, is used 
m making “ ethyl” gasoline. It is made by treat- 
ing an alloy of sodium and lead with ethyl 
biomide 

OTHER ELEMENTS OF GROUP FOUR 

26. Germanium 

This element is a grayi&h-white, buttle, 
dm able, metallic substance. It melts at 
958° and has a density of 6 36 g. per cc It 



718 


THE METALS OF GROUP FOUR 


occurs in small amounts in the sulfide ores 
of seveial of the metals, but it is usually pio- 
duced as a by-pioduct of the refining of zinc 
Like tin and lead, it forms two oxides, GeO 
and GeOi, both of these aie amphoteiic 
The metal is produced by reducing the oxide 
with carbon. In many of its compounds 
germanium resembles carbon and silicon; but 
it differs from these elements m forming 
some compounds m which a more definitely 
metallic character is revealed. Thus, its 
tetrachloiide, GeCfi, is volatile like CCL, 
and it also foims a compound GeHCU, 
which is analogous to cliloroform Sodium 
germanate, NaaGeOa, is analogous to sodium 
carbonate or sodium silicate On the other 
hand, GeO dissolves in acids to form di- 
valent germanium compounds of a salt-hkc 
chaiacter In this lespect the element is 
unlike carbon. 

27 Thorium 

This element is the only member of the 
A division of group four that is strictly 
metallic It occurs in the mineral thonle, 
ThSiOi, and m monazite sand (page 706). 
The latter is the commercial somce of the 
compounds of thorium. The sand contains 
amounts of thorium oxide that vary from 1 
up to 15 01 20 pel cent This oxide is ex- 
tracted foi the piepaiation of Welsbach gas 
mantles (page 574) The metal can be pre- 
pared by the reduction of the oxide with an 
alloy of the rare-earth metals called miscli 
metal (page 706) It is heavy and melts at 
1850°. In many respects it resembles plati- 
num. In its compounds thorium acts as a 
metal and displays a valence of 4 (positive) 
The hydi oxide, Th(OH)4, dissolves in acids 
to form salts, such as ThCU, Th(N03)i, and 
Th 3 (P 04)4 It also forms basic salts 
such as ThOCOs, double salts such as 
KN 03 Th(N 03)4 9 H 2 O, and complexes, of 
which K 2 ThF 6 is an example The radio- 
activity of thorium has been mentioned in 
connection with the general treatment of 
radioactivity in Chapter 17 


Review Exercises 

1 Descube the metliods used m the production 
of till fiom cassiterite 

2. How IS tin lecoveied fiom tin plate scrap 01 
waste, such as tm can.s? 

3 How does stannic chlonde differ from oidi- 
iiaiy salts, such as sodium chloride? 

4 Why does stannic hulfide dis.solve in a solu- 
tion of ammonium , sulfide? Why does stan- 
nous sulfide dissolve in ammonium polysul- 
fide but not in ammonium sulfide? 

5 Wiite equations to .show the icactions which 
occui when tin is treated with a boiling solu- 
tion of (a) HNO3 and (6) NaOII 

6 How can stannous chlonde be piepared fiom 
(a) tin and (b) stannic chlonde? 

7 In what way is tin le.ss effective than zme m 
pi otecting the surface of iron? 

8 Explain the meaning of the teim tin disease 

9 Suggest chemical leactioius which could be 
used to distinguish between tin and lead. 

10 What is one objection to the use of white 
lead m paints? 

11 Outline the essential stejis m the pioduetion 
of lead from galena 

12 Identify lead bullion, chiome yellow, red 
lead, sugar of lead, and white lead, 

13 Describe the Old Dutch jii ocess foi the manu- 
facture of white lead 

14 Make a list of leiiiesciitative compounds of 
lead and tin 

15 Enumeiate the uses of tm, lead, thonum, and 
titamum and then compounds. 

16 MTiy does dilute sulfuiio acid have little 
effect upon lead? 

17 A sample of puie white lead eiolved 100 ml 
(standaid) of caibon dioxide when it was 
tieated with an acid What was the weight 
of the samjile? 

18 A solution cmitaining iiieicuric chloride was 
tieated with sufficient staniiouH chlonde to 
completely icduce the meicuiic ion to metal- 
lic mei'cuiy If the meicuiy lesulting from 
the reaction weighed 1 4 g and the volume of 
the solution was 400 ml , what was the 
concentration of the mercuric chlonde in the 
solution'’ 

19 The 11 on in a sample of iron ore weighing 10 g 
was completely converted into ferric chlonde, 
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THE METALS OF GROUPS FIVE, 
SIX, AND SEVEN 


1 Introduction 

The elements of Division A of the fifth 
gioup of the periodic classification aic 
metals These aie vanadium, columbium, 
and tantalum Arsenic and antimony, which 
have ceitain metallic chaiacteristics, and 
bismuth, which is a metal, have been dis- 
cussed in another chapter (page 519 ) Gioup 
six contains chiomium, molybdenum, tung- 
sten, and uianium as its icpiesentatives 
among the metals, all of those aie in Division 
A of this group. The A Division of gioup 
seven contains manganese, masurium, and 
1 hcnium Manganese is the only one of these 
metals that is will known, The two otheis 
have only lecently been discoveicd and veiy 
little definite information is known about 
them at this time 

VANADIUM 

This element was disco veied m 1830 It 
occuis as vanadinile, 3 Pb3(VO,i)2 PbCb; 
carnoLite, 2 IGO 2 UO3 VaO^ 3 II2O, roscoehle, 
a vanadium beaiing mica, palronile, a com- 
plex sulfide, and puchcnlc, B1VO4 The 
ptmcipal pioducmg localities aie m Peiii, 
Aliiea, Mexico, and in Arizona, Colorado, 
and Utah 

The metal is difficult to piepaio because 
of its tendency to combine vith caibon, 
nitiogen, and othei elcmenis It can be 
piepaied by icdiuiiig the oxide with misch 
metal, or by reducing VCb vith hydiogen 
Commeicially, the alloy with non, which is 
called ferrovanadium, is pi oduced instead of 
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the pure metal This alloy is used in the 
steel industry to pioduce vanadium steel 
It IS made by reducing the oxides of iron and 
vanadium with caibon Vanadium steel 
has a high tensile stiength and great resist- 
ance to shock and vibiation. It is used in 
high-speed tools, in many aiilomobile parts, 
as cai wheels, and in locomolivcs 

2 Properties and Compounds 
Metallic vaiuidiiim is silvei -white m color, 
haul, linttlc, and ciystallmc It is conveited into 
the oxulo.s, VO.2 and VaOr,, when it is heated in 
air or m oxygen, and with cliloimo and hiomiiio 
it foim,s VeU and VB13 It leacts, at high teni- 
peiatuies, with caibon to lonn the eaibide, VC, 
with mtiogon to foim the nitiiilc, VN, and with 
sulfui to foim the sulfides, VSj and V^Bs It dis- 
solves m conccntiateil acids to foim vanadous or 
vanadic salts and 111 alkalies to foim vanadates, 
such as NaVOs 01 NaaVOj The niotal foims four 
oxides VO, ViOi, VOj, and V2O5 Tlie monoxide 
IS liasic, foiming salts, such as vanadous sulfate, 
VSOi, or vanadium diclilonde, VCb These salts 
aic violet in coloi The ti loxide, VzOj, or the coi- 
lesponding hydioxule, dissnhos in acids to foim 
solutions of vanadic salts, ol which V( 3 | is an 
example Those salts aie gieeii 'Plie dioxide, 
VO., di.ssolves in solutions of sodium, jKitassium, 
01 ammonium liydi oxide to foim vanmhlcs, winch 
aie lilack .salts ol vanadous acid, IbVhOo (4 IfiVOi 
— 7 II2O — >- II.ViOii) It also di.ssolves in acids, 
foiramg blue vanadyl salts, of winch VOCb and 
VOSOi aie typical The pentoxide, ViOr,, foiins 
salts of llnee vanadic acids NiA'Oi, sodium mcla- 
vanadule, NaiVsOv, sodium pijrovnnadate, and 
NasI'Oj, sodium orthovanadute Pervanadyl salts 
are also known Peivanadyl fluoiide, foi exam- 
ple, IS VOP3 and the coiiespondmg sulfate is 
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(¥0)2(804)3 These aie prepared when concen- 
trated acids act upon the pentoxido. With 
hydrochlono acid, the pentoxide acts as an oxidiz- 
ing agent, liberating chlorine Oi thovanadic acid 
and the vanadates aie yellow m coloi The pei- 
vanadyl salts are usually icd 01 leddish-biown 
yubstances 

COLUMBIUM 

This element (sometiines called mobmm) is 
found in small deposits in many localities The 
principal mineial is columbite, which contains 
Te(Cb 03)2 It also occui s in other minerals which 
contain tantalum, titanium, and the laie-eailhs 
The metal is used in making stainless steel and 
in a few alloys which aie used in making jewehy 
Feirooolunilniini, made by reducing columbite 
with carbon, is used to make stainless steel The 
element foims fom oxides which correspond to 
the foul oxides ol vanadium Its best known 
compounds aie the columbates, which aie salts 
of ortho, mala, 01 pyro oolumhic acid, salts of 
Jluocolumhic and, n2Cl)F7, chlorides, CbCh and 
CbCla, and oxy-salts, such as CbOCU. These 
are closely 1 elated in piopettics to the ooiiespoiid- 
ing compounds of vanadium The metal is pre- 
pared by the eleotiolysis ol the fused double flu- 
oride of columbiuin and potassium, KiCbF? 

TANTALUM 

This metal occurs m lanlalile, which is 
essentially Fe(TaOd)2, and in mmeials that 
also contain columbium. The metal, which 

15 prepaied by the electrolysis of fused po- 
tassium tantalum fluoiide, K2TaFi, or reduc- 
tion methods m the same manner as vana- 
dium, IS liaid but ductile, has a density of 

16 6, and melts at about 1800 ° It is ex- 
tiemely icsistant to all leagents, except 
strong alkalies and hydrofluoric acid, at 
oidinary teinpeiatures. Before being dis- 
placed by tungsten, which is more easily 
prepared and has a higher melting point, it 
was used to make the filaments of electric 
lamps It readily adsoibs gases, and for 
this reason is used to remove traces of gases 
in radio tubes. It is also used in making 
electrodes for current rectifieis, in the manu- 


facture of surgical mstiuments, as electiodes 
in radio tubes, and as a substitute foi plati- 
num in making articles and utensils which 
are used in the laboiatoiy 

At a led heat the metal bums in the an to foim 
the pentoxide, Ta^Os. This oxide reacts when 
fused with alkali hydiuxides to foim tanialates, 
of winch NagTacOis is an example Metatanta- 
lates, such as NaTaOs, aie also known and the 
coi responding acid, HTaOs, is an insoluble, fairly 
stable compound The metal 1 eacts witli fluorine, 
cliloime, and bromine to form penta-hahdes, 
TaCls, TaFs, and TaBrj These aie hydiolyzed 
completely by water, foiming a precipitate of 
HTaOa Salts of fluotantahe acid, H2TaF7, aie 
also known 

CHROMIUM 

3. Occurrence 

This clement is the most abundant metal 
of group six Its most impoitant 01 e is 
chromite, Fe(Ci02)2 It also occurs in small 
amounts ivith aluminum in igneous locks, 
as the mineral aocoiLe, PbCiO^, and in some 
precious stones (page 702 ) About one half 
of the woild’s supply of chromite comes fiom 
Rhodesia Russia, New Caledonia, India, 
Cuba, Greece, and Tuikey pioduce smallei 
amounts The mineral occuis in the United 
States in Montana, Tennessee, Arkansas, 
Georgia, Oregon, and California Until 
about 1875 , Maryland and Pennsylvania 
supplied most of the woild’s supply of 
chiomite, but at the present time much 
of the ore used m the United States is im- 
ported Our noimal yearly requiiement is 
250,000 to 300,000 tons 

4 Metallurgy 

To prepare compounds of chromium, 
chromite ore is fused with sodium carbonate 
in the presence of an The iron is oxidized 
to Fe20s and the chromium is converted into 
sodium chromate, which is dissolved m water 
and lecovered by evaporation Other com- 
pounds of the element may be prepared from 
this product When chiomite is reduced by 
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caibon in an electuc furnace, an alloy of 
cliionuum anil iron, called Jeriochrome, is 
produced This is used in making chi oinium 
steels The puie metal can be prepaied by 
reducing the oxide, C12O3, with aluminium 
by the Goldschmidt piocess The metal 
may also be deposited electiolytically on non 
01 copper cathodes from a solution contain- 
ing chromic acid and sultate, phosphate, 01 
borate ions During recent years chiomium 
plating foi radiators and other parts of auto- 
mobiles, plates for engraving, bathroom fix- 
tures, tablewaie, and othei articles has be- 
come moie populai than nickel plating To 
secure dense deposits of chiomium, the ar- 
ticle IS first plated with copper, then with 
nickel, and finally with chromium 

5 Physical Properties and Uses 

Chiomium is a very haid, crystalline, 
silver y-white metal It melts at 1615° 
It is used to elect! opiate many ai tides made 
of other metals because of its resistance to 
corrosion, its haidness, and its lasting bright 
luster, which resembles the color of plati- 
num It IS also used to make several alloys 
The most important of these aie the chro- 
mium steels, which aie made by adding feiio- 
chiomium to melted steels These steels 
contain from 1 up to 20 pei cent of chro- 
mium They are hard, stiong, and tough, 
and resistant to coiiosion and tarnishing 
Such steels are used to make bearings, valves, 
cutlery, aimoi plate, shells, safes, bank 
vaults, and high-speed tools Stainless steel, 
which is used in making cutlery, contains 
12 to 14 per cent of chi omiura Stainless iron 
contains 16 per cent 01 more of chromium; 
it IS used in nitiic acid plants because of its 
gieat resistance to corrosion by that acid 
Alloys of lion with chromium and nickel aie 
used m apparatus that must withstand cor- 
rosive action m the chemical manufacturing 
mdustiics Almost all alloy steels contain 
some chiomium m addition to nickel, vana- 
dium, tungsten, 01 other metals Ntchrome 
(nickel, chiomium, and non) and chromel 
(nickel and chromium) are used in the form 


of wire as electiical resistance in making 
the heating units of small electrical furnaces 
and small heaters Slellile, which is used m 
making cutting tools, contains chiomium, 
tungsten, and cobalt lUnim is an alloy 
made of chiomium, nickel, iron, copper, 
aluminum, molybdenum, silicon, and man- 
ganese It is sometimes used as a substitute 
foi platinum 

6 Chemical Properties 

Chromium does not tarnish in the an at 
oidinaiy tempcratuies, but it bums, when 
heated to a high tcmperatuie, producing the 
oxide, G12O3 When heated to redness it 
libel ates hydiogen fiom steam When 
placed m acids the behavior of the metal 
vanes, depending upon its previous tieat- 
ment or method ot pioduction Like non 
and many other mel.als it has an aclivc and a 
pa&iive state Nothing ol a definite natuie is 
known concerning the dilleiencc between 
these two states Chioiinum inoduced by 
the Goldschmidt piocess, or alter it has been 
dipped in concentrated iiitiic acid 01 chiomio 
acid, 01 exposed to the an foi some time, is 
passive In this state, the metal does not 
react with nitiic, hydrochloiic, or sulfuiic 
acid, and docs not displace othei metals that 
he below it m the electrochemical sei les fiom 
solutions of then salts The passive state is 
not permanent It may be changed to the 
normal, active condition by standing 111 solu- 
tions of the acids, by heat, or even by a 
shock or jar The passive state may be due 
to a film of oxide on the suifacc of the metal, 
to dilTeient allotiopic modilicatioiis, 01 to the 
production of a stiain ol soiiii' kind that ren- 
deis the atoms on the surlaee inuctivi' The 
active metal dissolves in the iion-o\idiz;nig 
acids to produce chiomons salts and to lib- 
erate hydiogen 

2 (H+ + cr) H- Cr — (Of'-'- -t- 2 CD) -b IL 

Chiomium lies between zinc and cadmium 
mthe electiochemical series 
The valence number of chromium in its 
compounds is 2, 3, or 6 In its divalent state, 
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the element is basic, m the trivalent state 
amphoteiic, and in the hexavalent state 
acidic The oxides, hydroxides, acids, and 
typical salts aie shown m Table 43 

7. Chromous Compounds, Ci"'"*' 

Chi onions hydi oxide, Ci(OH)2, is basic 
It is icadily oxidized in the air. Solutions of 
the chromous salts aie prepared by dissolv- 
ing the metal m acids oi by i educing solu- 
tions of chiornic salts with chiommm or zinc 

2 (Ci-^* + 3 Cr) -1- Cl — V 

3 (Cr++ -I- 2 Cl-). 

Chromous compounds resemble those of 
divalent ii on They ai e vei y active reducing 
agents and are oxidized readily in the air 
Because of this difficulty in pieseiving them 
in the puie state, they aie of little piactical 
impoi tunce 

8, Chromic Compounds, Cr^ ' ' and CrOa” 
The oxide, Ci’aOi, and the corresponding 

hydioxidc, Cr(OTI)3, are amphoteric The 
hydroxide is produced by adding an alkali 
hydioxidc to a solution of a chromic salt, 
such as CrCli. The oxide is formed when the 
metal is heated in the an, when a dichromate 
is heated with sulfur, 

Na 2 Cr 207 + S — Na 2 S 04 + C12O3, 
or, simply, by heating ammonium dichro- 
matc 

(NHO'iCiaO, — N2 -t- 4 H2O -t C12O3 


It is the most stable of the three oxides It 
has a green color and is used as the pigment 
called chrome green It is also used to color 
glass and ceramics, to which it imparts a 
green 01 blue coloi It also has some use as 
a catalyst 

When the hydroxide is prepared by precip- 
itation it IS a light blue gelatinous substance 
which lesembles aluminum hydi oxide (page 
701 ) The precipitate is leally a hydrous 
oxide and is sometimes assigned the foimula. 
Cl (011)3(1120)3 In wilting equations to 
show its reactions ivith acids and bases we 
shall follow, however, the usual practice of 
consideiing the compound as the normal 
hydroxide, Ci(OH)j 

Chiomic hydi oxide dissolves in acids to 
form solutions of chiomic salts 

Ci(OH) 3 + 3 (H+ -b Cn — 

(Cr-^ + 3 C1-) -b 3 H 2 O 

It also dissolves in alkali hydroxides to foim 
chromites, and similar compounds aie foimed 
when Cr203 is fused with the oxides of metals 

H 3 C 1 O 3 + 3 (Na+ -b OH-) — 

(3 Na+ -b C 1 O 3 -®) -b 3 H 2 O, or 
HCrOj + (Na+ + 011“) — ^ 

(Na+ -b C 1 O 2 -) -b H 2 O 
CaO "b Ci20i — ^ Ca(Ci02)2 

The hydroxide is precipitated agam when 
solutions of the alkali hydroxide in which it 
has dissolved are boiled The reprecipitatcd 


TABLE 43 

The Compounds of Chromium 


Oxide 

CrO 

Hydroxide 

Cr(OH )2 

Properties of 
hydroxide 

basic 

Salts 

CrCbi chromous chloride 

Color of 
the ions 

blue 

Cr203 

CrlOHla 

basic 

CrCh, chromic chloride 

green-violet 


or 

HaCrOg or HCr02 

acidic 

NaCrOs, sodium chromite 

green-black 

CrOa 

H2Cr04 

acidic 

Na 2 CrOi, sodium chromate 

yellow 


or 

H^CrzO? 

acidic 

NojCrjOy, sodium dichromate 

red 
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compound is pale green in color and is a less 
completely hydrated oxide than the original 
precipitate 

Chromite, the principal ore of chromium, 
IS ferrous chromite, Fe(Ci02)2 Other chro- 
mites exist natuially 

Chromic chloiide, C1CI3, and chiomie sulfate, 
Cr2(SOd3, are the best known salts of tiivalent 
chromium Solutions of the chloride are cither 
violet or green in coloi When the chloride is 
dissolved in watei to foim dilute solutions, the 
chromic ion appeals to combine with six mole- 
cules of watci to foim the violet colored ion, 
Cr(HoO)(i+++, and the solution contains the cor- 
responding ohloiide CiiPIjOloCls All of the 
chloride ion may be precipitated horn tins solu- 
tion by the addition of silver nitiate In moie 
concenti'ated solutions, and after standing for 
some time, this compound is tiansfoimcd into 
Cl (HiO) iCh'*', which is gieon The complete 
compound in this solution is Cr(HaO).iCl2'"Cr’ 
This foimiila is indicated by the fact that silver 
nitrate precipitates only one third of the chloiine 
atoms 111 tlic solution as silvci chlonde This 


behavior indicates that two of the chlorine atoms 
of the compound are not pi esent in the .solution 
as chloride 10ns but are attached to the chiomium 
atom as poi tions of a complex, slightly ionized 1011 
Chromium also forms similar complex ions with 
ammonia and with several radicals, such as CNS~ 
andCN- 

Chromic sulfate, too, exists in violet and gieon 
modifications When it is dissolved in a solution 
that also contains potassium sulfate, red oi ruby 
crystals of potassium chrome alum, KCr (804)2 - 
I2H2O, foim upon evaporation of the water 
This substance is used in tanning leather 

9. Chromic Acid and the Chromates 

Salts of chioinic acid, IIaCi04, aie pro- 
duced liy healing a cliiomile, ehiomic oxide, 
01 chromic baits, with an alkali hycli oxide 01 
carbonate in the presence of an The 
oxidation of .sodium chiomile is shown by 
the following equation 

4 NaOir -I- 4 NaCiOs -I- 3 0 , — >■ 

4 NasCiO, 4-21120 



Courtesy of The Internalio7ial Niclrl Company, liu 

Figure 318 Stainless Steel Containing Chromium and Nickel is Used In Jet Engines 
The alloy is used in the combustion chambers, boil pipe, and wrappings of this Navy fighter plane engine 
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The tuoxide, C 1 O 3 , ib pioduced as scailet 
needle-Iikc crybtal.s, when sulfunc acid is 
added to a concciitiated solution of potas- 
sium dichi omiiie, IVaCi'sOv 

(2 IC" + ClaOy”) + (2 II"* + SO^”) — V- 

(2K'' + SOr) + H2CrA 
IlaCraOr— >-n./) + 2Ci03, 

Five cliioniu’ acid cannot be prepaicd. It 
loses water fommifi; dichiomic acitl 

2 IlnChOi — >- ITaO + IliCi'aOv 


mate, PbCrO^, andbanum chromate, BaCrOi, 
aie used as yellow pigments 

When heated with sodium chlonde and coii- 
centiated sulfuric acid, a diohromate foinis a 
volatile, daik led liquid called chtomijl cHunde, 
CrOjCb This reaction is used to detect chloime 
The addition of liydiugen pei oxide to an acid 
solution of a chi ornate forms a blue substance, 
which may be extiacted with ether, the composi- 
tion ot this compound is not definitely known, but 
it may be HCrOs, a peichiomic acid This leac- 
tion IS a reliable and delicate test foi the chi ornate 


The diclnoinic acid, in turn, loses water 
and foinis the anhydiide as shown above 
When dilute biilfune ac.id, or another acid, 
is added to a yidlow solution of potassium 
chromate, the color changes to icd 01 orange, 
and upon evaporation, ctystals ol potassium 
dichi ornate scpaiate 

2 (2 K* -I- CiOr) -1- 2 (11+ -f HOr) 

(2 K+ - 1 - bor) + HoO -b (2 K+ + CrA“). 

The dicluoniato ns convcited again into the 
chiomato wlicm il is tioated with potassium 
hydroxide This bt'havior indicates that in 
solution the chi ornate ion, CrO ", and the 
dicln ornate 1011, Cr207“, are m equilibrium, 
and that this eqiulibiium may he shifted in 
one diicetion by the addition of hydioxyl ion 
and in the otliei diicction by the addition 
of hydi'ogi'ii ion The cquilibiium is also 
indicated by the piccipitation of BaCiOi, 
when baiium chlonde is added to a solution 
containing potassium diehi ornate, provided 
that the hydrogen ion concentiation of the 
solution is not very groat 

A inixtuic ot sodium dichi ornate and sul- 
furic acid IS used as a cleaning solution tor 
glass and yioicelam waic m the laboratory 
The dichi omati'S aie used as oxidizing agents 
m many loaelaoiis They are also used in 
tanning Icnthei, the dichi ornate is first re- 
duced to a compound of tiivaient chromium, 
and the chiomic hyd: oxide which is formed 
by hydiolysis reacts with the nitrogenous 
substances m hides to make a permanent 
leathci that does not decay Dichromates 
aie also used in photogiaphy Lead chro- 


1011 


MOLYBDENUM 

In 1778 , Schcele pioduced the oxide of a 
new element from a mineial, now called 
molybdenite and composed essentially ol 
M0S2 This is still the principal mineial 
source of the element Molybdenum also 
occurs in the foim of molybdates, of which 
lead molybdate, PbMoOi, is most impoitant 
This IS the mineral called wulfcnite Most of 
the molybdenum produced comes from 
Norway 01 fiom Colorado and New Mexico 

10. Preparation of the Metal, Physical Proper- 
ties, ond Uses 

Molybdenite 01 es are loasted and then 
tieated with ammonium hydroxide which 
dissolves the oxide of molybdenum, foiming 
ammonium molybdate This substance is 
recovcied by evapoiation, and the solid salt 
IS ignited m order to drive oft the ammonia 
The final product is molybdenum tnoxide, 
M0O3 This oxide is then leduced with 
caibon or hydrogen in the eleetnc furnace 
This process gives the metal in the foim of a 
finely divided powdei Feu omolybdenum is 
produced m the same way as fen ochi omium , 
it is used to make alloy steels These steels 
are resistant to chemical action, haid, stiong, 
and tough. They usually contain some 
chromium and other metals and are used for 
the same purposes as those described for 
chrome steels (page 722 ) Pure molybdenum 
has a silvcry-wlnte color. The powdered 
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metal pioduced by the i eduction of the oxide 
can be made into wire by first pressing the 
powder into a rod and passing an electrical 
current thiough it The resistance of the 
rod produces enough heat to partially fuse 
the pai tides of the metal and cement them 
together This material may then be rolled 
into sheets or drawn into wire The metal 
molts at about 2625 °. 

In addition to its use in the manufactuie of 
steels, molybdenum is used to make the sup- 
ports for the filaments in electiic lamps; to 
make ceitain poitions of the interior struc- 
tiii es of radio tubes , to make the tei minals, or 
points, of spaik plugs and automobile dis- 
tubutois; and as electiical lesistancein small 
electiical fiiinaces 

1 1. Chemical Properties and Compounds 

The metal reacts with oxygen, caibon, 
fluoiine, elilorine, bromine, and sulfur but 
usually only at elevated tempeiatures It 
does not dissolve in noii-oxidizing acids oi in 
solutions of the alkali hydi oxides. It is 
converted by nitric acid into the tiioxidc 
MoOs In its compounds, the element lias 
positive valences of 2, 3 , 4 , 5 , and 6 In the 
laboratory the most familiar compound of 
molybdenum is ammonium molybdate, 
(NIi 4 )(,Mo 702 d 4 H2O, which separates as 
crystals when the trioxide, M0O3, is dissolved 
in ammonium hydroxide and the solution is 
evapoiated This compound is a salt of one 
of the condensed molybdic acids The noi- 
mal form of molybdic acid is H2M0O4, which 
forms yellow crystals that separate from a 
solution of the oxide in water. The con- 
densed acid lefoired to above may be ex- 
plained by the following equation 

7 H2M0O4 — h HgMov Osii d- 4 H2O 

The fusion of the tiioxide with carbonates or 
oxides of the metals results in the formation 
of molybdates such as Na2Mo04 Ammo- 
nium molybdate is used in the detection and 
quantitative determination of phosphate ion 
When a solution containing a phosphate is 
made strongly acid with nitnc acid and a 


solution of ammonium molybdate is added, 
a yellow, powdery precipitate is pioduced 
when the mixture is heated The yellow 
compound is called avpnonium phospho- 
molyhdate and has the approximate foi inula 
(NI-hlsTO.! 12 M0O3, but the composition 
may vary slightly as to the ainoiint of M0O3 
that the compound contains 

In its lower valence state.s iiuilylidemiiri w 
l)a.sic and m its liighoi valence state it is acidic 
Many of the compounds ol tlio metal arc deeply 
tinted and aic used as colonng fni cloth and 
leather and in making the painted designs and 
glazes of chmawaie One such compound, which 
is called niolybdeiium blue, is made by tbe leduo- 
tiouof molybdic acid It is probably a molybdate 
of quadiivalent molybdenum, (MoOls (MoOOs, 111 
which the MnO''"' gioup acts as the molybdenyj 
ladica! and corresponds to the liydioxide, 
MoO(OH) 2 The cldoiKlas, Mod,, MoCh, 
Modi, and MoCh are all known, but some of 
these oompoimds are not stalile I'lie sinpile ions 
aie icadily changed into complex loiis of many 
kinds, of which MoClo“, Mo(CN)b”, and Mojdd"' 
are examples 

TUNGSTEN 

This element was diseovt'rcd by iSehocle 
He named it tungsten, which in the language 
of his native countiy means “heavy stone " 
The symbol, W, is deiived from the German 
name of the clement, wolfiatn, fioin wol- 
Jramile, the pimeipal ore of tungsten This 
ore IS essentially fcirous tungstate, FeWOi. 
Other tungstates also occui in niineials It 
was fiom one ot these, sclwchtc, that Hcheele 
fiist prepared the element This mmcial is 
touncl in California The woild’s supply ol 
tungsten oics is produced fiom mines in 
China, Burma, and the United State.s (Colo- 
lado and California) 

The ore is fused with sodium carbonate 
and the mass is leached with water. The 
solution obtained in this manner contain.s 
sodium tungstate, Na2WOi When this' is 
acidified with HCl, tungstic acid, H2WO4, is 
piecipitated The metal is piepared in the 
same way as molybdenum As first prepared 



the metal is haul and buttle but it is made 
malleable and ductile by pressing the 
powdered metal into rods and passing a cur- 
lent of electricity through them to fuse the 
particles This tieatment is followed by 
heat tieatment and mechanical working of 
the metal, such as hammeiing and rolling 
to give it the desired malleability and duc- 
tility lequued in different uses. The most 
impoitant of these uses is the manufacture 
of the tungsten wires oi filaments used in 
electric lamps d'o make the small wires le- 
quired for this puipose the tungsten is drawn 
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lyzed, and the oxide is only veiy slightly basic in 
natuie The chloride WCh is typical of penta- 
valent tungsten This substance shows a strong 
tendency to foim complex compounds. The most 
mportant compounds of the element are those 
m which tungsten is hexavalent The trioxide, 
WO3, IS the anhydiide of tungstic acid, H2WO4’ 
and several condensed acids The sodium salt of 
one of these is NaioWijOu, which is the substance 
usually called sodium tungstate The oxide also 
forms acids similai to phospho-molybdic acid, 
Phospho-tungstic acid, H 3 PO 1 12 WO 3 is used to 
piecipitate pioteins and alkaloids in the analytical 
cheimstiy of such substances 


through mmiy diamond dies, each of which 
IS smalloi than the pieeeding one. Its high 
melting point (3370°) makes the metal ex- 
tremely useful for tins puipose, but since the 
metal is a good conductoi, a veiy fine wue 
must be usc'd that the icsistance will be 
sufficient to hlieuile ('iiough heat to make the 
wire whitc-hot Ferrotuiigsten is made by 
reducing wolfuimito with carbon and is used 
to make 1,uiigsl.eii steels Those steels are 


The carbide of tungsten, W 2 C, is almost as hard 
as diamond When crystals of this substance are 
embedded m cobalt, a mateiial is produced that 
may bo used to make extiemely haul cutting tools 
These tools can be used to machine piaotically all 
metals, alloys, and othei mateiials, such as glass, 
stone, and haid uibbei This mateiial is best 
known undei its tiacle name, Carbalotj 
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strong and do not lose ihcir temper when 
heated to 1 odness This propei ty is useful in 
making eulfmg tools that are operated at 
very lugli spc'ed, and which become very hot 
duiing then use Timgsten steels are also 
used to make uuls and many paits of the 
automobile, such as axles and steeling appar- 
atus dhingsleii i.s a eonstitueat of many 
othci alloys and is also used in making the 
targets or anti-cathodes of X-ray tubes, the 


This metal has been known as an element 
since 1789, when it was discoveied in pitch- 
hlmde, which contains the oxide UaOs and 
the oxides and sulfides of several other ele- 
ments This minei al is found in Austna and 
in the Belgian Congo Anothei uianium 
mineral called camohte is found in Coloiado 
and Utah This is a potassium uranium 
vanadate, K2O 2 UO3 VaOe 3 H2O The chief 
inteiest in these minerals lies in their radium 


filaments for ladio tubes, phonograph nee- content. Foi many years the chief souice of 
dies, aiifl coni act points radium and ui anium was the pitchblende de- 


12. Chemical Properties and Compounds 
In geiu'uil, tungsten and its uompounds closely 
icscniblc niolybdc'iiuni and its compounds In 
its coiniiounds the metal lias a jiositive valence 
of 2, 3, 4, .I, or (i. Th(> divalent compounds aie 
lopiesented by such sulistaiiees as WCU and 
WBi 2 These aie usually prepai ed by the leduc- 
tion of comiiouiuls m which tungsten has a 
higher valence Theie aie no simple compounds 
and only a few complex ones in which tungsten 
has a valence of 3 In its tetravalent state, the 
element forms the oxide, WO 2 , and the halides 
WCb and WIi The lattei aie strongly hydio- 


posits of Austria Latei the cainotite de- 
posits of Coloiado superseded the Austrian 
source in importance, and these, m turn, 
were overshadowed by the pioduction fiom 
the Belgian Congo 

The element, manmm, is piepaied by the re- 
duction of the oxide in an electric furnace It is 
a white metal, which melts at about 1850°, and 
lias a density of 18 7 g per cc It is slowly oxi- 
dized in the an It dissolves in the common acids, 
foiming salts The valence which it displays in 
its compounds is almost always 4 or 6 Lowei 
valences arc known, but the compounds m which 



728 THE METALS OF GROUPS FIVE, SIX, AND SEVEN 


the element has these valences aie not stable m 
aqueous solutions. The oxide, UOj, is basic, dis- 
solving in acids to form gieen uranous salts, such 
as UClt The oxide, UOs, is amphoteric, foimmg 
uiaiiates, which have the foimula MjUOi oi 
M2U2O7, or uranyl salts The latter coriespond 
to the base, 1102(011)2, which is uranyl hydroxide. 
The uianyl ion is divalent and its salts are such 
compounds as uranyl mtiate, U 02 (N 03 ) 2 , uianyl 
aisenate, (1102)3 (AsOi)2, and uianyl acetate, 
002(0211302)2. The “oxide,” UaOs, is a com- 
pound, uianous uranate, UO2 2 UO3 Uranium 
compounds are used m colonng glass and glazes 
01 in painting designs upon cliinawaie 

MANGANESE 

1 3. Occurrence and History 

Manganese is the only well-known element 
ol Division A of gioup seven Its most im- 
poitant ore is •pyiolnsite, MnOa, winch is 
mined in Russia, Africa, India, and Biazil 
A small amount is also produced in Gcoigia 
and in a few of the western states It 
further occurs in the form of other oxides or 
hydrated oxides hi aumic, MniOa , mangamlc, 
MnO(OH) 01 Mn203 TDO; and haumanmle, 
MnaOi. The carbonate and sulfide are also 
found Before 1774 , pyiolusite and magne- 
tite (FesOi) weie thought io be the same 
substance In that yeai , Scheele pi oved that 
the two substances were distinctly dilfeient, 
and that pyrolusite was a compound of a 
new element The name manganese is de- 
nved from a Latin word meaning 'magnet 
The element is found in the combined state m 
many minerals containing non, and in l.ho 
soil fiom which it is removed by some kinds 
of plants We are now obtaining some 
manganese ore from Cuba 

1 4. Preparation of the Metal, Its Physical Prop- 
erties and Uses 

Puie manganese has no commeicial use 
anil IS difficult to piepare It can be liber- 
ated from the dioxide 01 trom other oxides by 
reduction with carbon in the electiic furnace 
The pioduct contams caibon More nearly 
pure manganese can be made by using pow- 


dered aluminum as the reducing agent 
Usually, alloys of non and manganese are 
pioduced instead of the pure metal. These 
arc made by the simultaneous reduction of 
manganese and non oies in a blast furnace 
and aie called Jen omangancse and spicge- 
Inscn The former contains about 50 per 
cent of manganese ami the latter about 20 
Those alloys arc' used in the iirochictum of 
steel cither to lemove mipiirities, such as 
oxygen and sultui, oi to make manganese 
steels, which contain from 10 to 15 per cent 
of manganese These steels aie very hard, 
but aie more easily lollcd and forged than 
manganese-free steels. They arc strong and 
tough and aie used wheiever theie is likely 
to be extensive weai, e.g. in .steel lails and 
parts of machines More than 90 per cent of 
the manganese ore pioduec'd m the world 
goes to make steel 

Manganese is a leddish-giay mc'tal and in 
a veiy piuo state is somc'what softei than 
noil It melts at 1260 ° If it contains car- 
bon, it 18 voi y haul and brittle It lescmblcs 
non m many of its physical and chemical 
pi Opel tics 

In addition io its alloys with iron, man- 
ganese foims a mimlier of iminntant alloys 
with the nonfeiious metals Manganese 
home contains copper, raanganc'sc', tin, and 
zinc It IS especially resistant to the couo- 
svve action of sea water and is used, foi this 
leason, m piopelk'i blades for steamships 
Mangamn is a brass containing manganese, 
coppei, and nickel This alloy is utilized as 
iviie in making the coils foi ('lecliical re- 
sustance boxes, which aie used lu detoi min- 
ing the K'sistances of ollu'i mill c-i nils by 
comparison 

15 Chemical Properties and Compounds 

Like non, manganese is readily oxidized in 
the air if it is puic The metal 1 hat contams 
carbon is more resistant to oxidation It 
reacts slowly with water to libeiate hydrogen 
and dissolves in acids, forming salts, such as 
MnClj The element foims five oxides and 
five coriesponding scries of salts The five 
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oxides, then pioperlies, and examples of the 
coiresponding salts aie shown in Table 44 

16. Manganous Compounds 

Manganous hyduixide is pioduced as a white 
precipitate when a .solulile liydi oxide is added to 
the .solution of a manganous .salt, eg MnClj 
This hydioxidc dis'-olves m acids but not m hy- 
di oxide-bases such as NaOII In the air it is 
rapidly oxidized to Mn./lo, which is blown Man- 
ganous cliloiidc, MnC’b, and the .sulfate, MnS 04 , 
are the most impoitant inanganout, eompounds 
They aie .stable in the aii and aie not leadily 
oxidized 

17. Manganic Compounds 

In its tiivalent state nianganefie foims the 
hydioxidc, i\In({)II)i and coiiespoiiding man- 
ganic salts These salts are veiy slightly stable 
and me easily leduec'd to inangaiioua compounds 
The hydioxidc ihssolves in acids but not in alka- 
lies such as Nat )II 

18. Tetravalent Manganese 

'I'lio most nn|ioiLaiiL (oinpound of tetravalent 
inangane.se is the dioxide, MnOj. This oxide is 
eompaiatuely meit towaid acids and alkalies 
It does (lishoh e in cold eoneeiitiated hydrochloiic 
acid to give a solution of MiiCb (gieen) At 
liighei teinpeiatiire niaiigauc.se is induced to 
Mil ' ' and chloiine is hboiated The dioxide does 


not dissolve leadily in solutions of alkalies, but 
manganites can be produced by fusing the 
dioxide with the oxides of certain metals These 
salts coiiespond to the purely hypothetical acid, 
H 2 Mn 03 , or acids i elated to it Calcium man- 
ganite, for example, is CaMniOsfCaO 2 MnOa) 

19 Manganates (Hexavalent Manganese) 

When any manganese compound, e g. Mn02, is 
fused with potassium oi sodium hydroxide or 
carbonate in the piesenoe of potassium chloiate, 
lead dioxide, or some othei vigoious oxidizing 
agent, a green mass is obtained 

3 Mn 02 + 6 (Na+ + OH-) 4- (K+ -b CIO 3 -) — >- 
3 (2 Na+ -b Mn 04 =) -b (K+ -b Cl") -b 3 HjO 

The gieen compound is an alkali manganate, e g 
Na 2 MnOi When watei is added, this substance 
dissolves and is changed into permanganate and 
manganese dioxide This reaction is moie pio- 
nounced in the piesenoe of acids 

3 (2Na+ + MnO ,-) + 2 (2 H+ -b SO.=) b 

2 (Na+-b MnOi-) -b MnO j -b 2 (2 Na+-b SO,-) -b 2 HjO 

The pi eduction of giccn sodium manganate by 
fusion as desenbed above is used as a means of 
identifying manganese m qualitative analysis 

20 Permanganates (Heptavalent Manganese) 
The most familiar and important com- 
pound of heptavalent manganese is potas- 


TABLE 44 

The Compounds of Manganese 


Oxide 

MnO 

hydroxide 

^ln(OH)2 

Properties 

basic 

Salts 

MnCls 

manganous chloride 

C.lor of ion 
pink 

Mn-O} 

MnlObDi 

basic 

MnCIs 

manganic chloride 

violet 

MnOj 

Mn(OH)i 

HiMnOi 

amphoteric 
(relatively inert) 

MnCI, 

CaO 2 MnO. (or 
CaMn.Os) 
calcium manganite 

green 

MnOi 

H.MnOi 

acidic 

Na^MnOi 

sodium manganate 

green 

MniO, 

HMnOi 

acidic 

NaMnOi 

sodium permanganate 

purple 
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Slum permanganate, KMn 04 It is prepaied 
as described m the preceding section of tliis 
chapter A solution of the fiee acid, HMnOi, 
IS piepaied by ti eating lead dioxide and a 
manganous salt oi manganese dioxide with a 
solution of hot nitric acid 

2 MnOs + 3 PbOa + 6(Ii+ + NOr) — > 

3 (Pb++ + 2 NOr) + 2 HMnOd + 2 HjO 

The solution of the acid is pink This leac- 
tion IS sometimes employed in the detection 
of manganese 

In previous chapters, scvcial examples of 
the use ol potassium permanganate as an 
oxidizing agent have been mentioned (page 
328) In an acid solution the manganese is 
reduced to manganous ion, Mn*^, by such 
reducing agents as SO 2 , H 2 C 2 O 4 , FcSOi, and 
H 2 S In a strongly alkaline solution the per- 
manganate ion IS reduced to manganatc ion 
and, in the presence of a reducing agent, 
to MnOa or a hydrated form of this oxide 
The following equation shows the oxidation 
of alcohol to acetic acid by potassium per- 
manganate in an alkaline solution 

4 (K+ + MnOr) + 3 OdTsOII — y 

4 MnOj-p 4 (K++ CjHiOrj + 1 HCdraOi-f- IhO, 

Solutions of potassium peimaiiganate aie used 
111 the laboiatory to deteiniiiie the amount of non 
in a sample The sample is fiist dissolved and 
feirio ions aie reduced to feirous loiis by means 
of hydiogen 01 some othei 1 educing agent that 
can be completely removed when this reaction 
is completed A standard solution containing a 
definite concentration of KMnOs is then added 
fiom a burette to the solution of the feirous salt 

10 (Pc-i-^ + 804=) - 1 - 8 (211' + 80,=) + 

2 (K+ + MnOr) y 5 (2 Fe-'-^+ + 3 (,S 04 =) + 

(2Iv+ + S0,=) +2 (MnH- +80,=) +8 II 2 O. 

The peimanganate solution is added as long as 
the solution is decoloiizcd, and the volume of tins 
solution lequncd to completely oxidize the non 
IS I cad fi om the but ette Fi um this volume, fi om 
the concent] ation of the solution of KMiiOj, 
fiom the weight relations of KM11O4 and FeSOi as 
shown in the above equation, and fiom the vol- 
ume of the solution containing the non, the 
amount of non m the sample can be calculated 


Potassium peimanganate is used, also, m 
dyeing; as a disinfectant; as a bleaching 
agent, and in medieino for the ticatment of 
ivy poisoning, snake bites, and other poison- 
ous infections 

MASURIUM AND RHENIUM 

These elenieiils were discoveied, m 192ri, 
by means of the X-iay siimdia (page 234) 
obtained in the examination of eiu’tain sub- 
stances produced fioin 01 es eoiilaiiiing plati- 
mim and other meials 'I'ht'v aie also pres- 
ent 111 some of (he oies ot molybdenum and 
manganese Masiuiinn has noli been pio- 
dueed m the ]iure stale All hough tlu' chem- 
istry of these eleini'nls is not well known, it 
may bo said dial Iheir eoinpoimds, m gen- 
eral, rosomblc those of maiigaiu'Si' Metallic 
ihenium can lie ]iiodu('C‘(l in live saini' way as 
manganese, which it resembles in aiipi'aiance 
and jiropeities It is exliemely lienvy and 
its molting point is aliove 3000°. 

Ma.suiium wms produced, in 1037, by bom- 
bauliiig niolylideiiiim willi liigli-spi'od deii- 
tcioiis and ueiiiious It has also been ob- 
served among the products of the fission 
of uranium (page 281) Rc'cc'utly, it has 
been renamed Ivchmiium 

Review Exercises 

1 Constiuct a table showing the chainctcii.stK; 
compounds of vanadium, (.olurrilmiiii, and 
tantalum, and cnntiast these hnelly with 
the compounds of iiitiogcii and i)lic)s])horus 

2 I'lnuinciate tlie u.ses of the metals of the A 
division of gioup live and tlieii emniioundh 

3 Construct a table showing the cliaiacti'iistic 
compounds of cliinimuni, inolvlidmiiim, and 
tungisleii, and contiast these with the com- 
IKUinds of sulfur 

4 Deseiihc the oc( iiiiciiccs of chiomiuiii 111 
natuie, the methods of pioduciiig it fioiii its 
oies, and its uses 

5 IVhat IS feiiocliiome and fm what puiiiose is 
it used'i* 

6 Staitmg with the most abundant ore of 
chioimum outline a method liy winch potas- 
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s„iiiuli(liii)iiiiilfninlio|milii«l Wiiteall 11 How would you piepaie i»tass«iiii peimn- 
ijniuliiiii*' foi fill' iiwtiiiiis suite Iiomniiiiignesediosidel 


7 A (liclii oinato m added 

to a ‘'(diitiiiii ('initiiiiiiiiK IlCl A^siiiiiinff that 
the leactitiii nniiplcto, 'ivliai wi^lit of 

tho (lirliHiiiiiitc aildpd, if tlip voliinie of 
tli(i(dil(iiiiit'liliPiiiiiah\aKLi(]nil, (htandaid)? 
Wiilc iili!iliiii(T(l('(|iialiiiii linliiiwilieicac- 
tidii III iiiilHH^iiiiti dicliiiiiiiiitc with hydfnp 
Milliilc 111 an aciil MiliilKiiidl'iSOil.iftlioMil. 

fill ishlK'iatcilllstlll' fll'tMdl'llK'lli 

9, III wliirli of il^ ('fiiiiiKiiiiiiK docs iiiaiipcse 
most ('1 ()s('1yic'('Iii1i1o(1i1oiiiic? 

10 A MiiHiilc of non oii' wcmlimi!; 0 1 R wai dis- 
snhcdiii 10(1 ml iif a siilfiiiic acid solution, 
and tliiMiimwasciiiiiiilctclyicdiicedtoFe^ 
Twoiiti-fiu’ ml ot the Mihilioii was then ti- 
tinted, iwimimK o ml of a holiitioii contain- 
iiiiriu (ifpotimMiiiiiiiciiiiaiipateppililei 
What was the iicicciitiiiic of non mllie oie 
miiiiiilc'' 
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The elements of group eight consist of thiee 
series of metals (1) iron, cobalt, and nickel, 

(2) luthenium, ihoduim, and palladium, and 

(3) osmium, indium, and platinum Each 
of these senes lies in the middle of one of the 
long periods of elements in the periodic clas- 
sification. The metals of the first senes aie 
much inoie abundant and impoitant than 
those of the second and third They aze 
also relatively active metals, while the 
others are noble metals similai to platinum 
lion, cobalt, and nickel closely resemble one 
another, with cobalt resembling iron some- 
what moie closely than nickel does The 
atomic weights of these metals (Fe, 55 84, 
Co, 58 94, Ni, 58 69) are much closer to- 
gether than IS generally true of other groups 
of 1 elated elements m the periodic table 

All of the elements of gioup eight are 
metallic and form compounds in which they 
have positive valences of 2 and 3. The 
metals of the second and thud series may 
also be quadiivalent, and in a very few com- 
pounds a valence of 8 is indicated. Some of 
these elements foim compounds in which 
they act as non-metals Examples of such 
compounds are found in the chemistiy of 
iron, which forms fei rites and fci rates 

IRON 

1 . History and Importance 

The first metallic articles made by man 
were probably made of bronze, but iron was 
known as long ago as 4000 n c and piobably 
has been used to some extent since very 
early times The symbol, Fe, of the element 
and the names of its compounds, ferrous and 


/cmc, are dciived fiom the I.,atin name 
Janm The non lii.st used by man was 
piobably of meteoiic oiigm Finnitive 
methods of smelting iron oics consisted in 
mixing the oics with charcoal and eoveiing 
over a pile of this material with clay A 
hole was left at the top and one at the bot- 
tom to piodiiee a diaft 'Phe chaicoal was 
igiiilcd, and some oi it binned, Idierating 
heat that lai.sed tlie ternpeiature of the 
mass. Caibon and caibon monoxide u'dueed 
the non oxide Tlio piodiielion and use ol 
iron on a largo scale liegan alionl^ 1621), when 
the ores of the metal ivi're Inst reduced by 
means of coal 

Iron IS the ino.st widely u.sed and mi[)oi taut 
metal. iLs po.sition of impoilaneo is duo to 
at least three factors (1) the ores of the 
metal aic alnmdant, contain laige iieiemit- 
ages of non, and aie found m iiiaiiy iiaiLs 
of the world, (2) the metal is r'lisily and 
cheaply produced from its dilTerent ores, and 
(3) the piopeities of the metal can be varied 
over a wide range by dilfi-rent methods of 
treatment or by the addition of other sub- 
.stance,s, thus producing metal adapted to 
many widely dilleient u.ses 'Po mo.st pei- 
soiiri the name metal is almost hynonyrnous 
with non, and the most casual obseiver is 
awaic of the fact that more non is used than 
all of the othei metals t.ogelhei. 

2 Occurrence 

The principal oies of iron are hnnahle, 
FciOs, hmonile, 2 Fe 203 3 n 20 ; magnclile, 
Fe304(Fe0 FeaOs) , sidente, FeCOs, and ptjrile 
FcS 2 . Hematite is the most important of 
these ores The Lake Supeiioi region 
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furnishcH more than 80 per cent of the ore 
mined in tilts United Statea. The second 
most important iron-ore mines in this 
country, at tlit' present time, are in the 
legion around Birmingluim, Alaliama. Other 
deposits are loeatwl m ('ahfomia, Colorado, 
and New York. Tlie other principal pioduc- 
mg count rie.s are France, (treat Britain, Ger- 
many, Russia, Canada, and Sweden. Iron 
compoutids occur in almoKt all rocks and 
soils, adding much of the coloring of many 
formations Iron is also found m the chloro- 
phyll of plants and in the hemoglobm of the 
blood, and appears to lie necessary for the 
proper functioning of t.he.He suhstances and 
to life itself The uiw matc-nals used in pro- 
ducing iron, 111 addition to the iron ore itself, 
are coke and limestone Hence, iron and 
steel plants iniist he loeated near somccs of 
coal and limestone, ami also uitii the idea 
of securing low tiau.Hi)ortalion rates for the 
ore- 111 the Uniti'd States, Pittsburgh is 
admirahly lucid ed as an itoti and steel ccntci. 
It is neai dciiosils of coal and limestone and 
the cost of transpoitmg these materials is 
oonseiiuently miruiniaed It is also only a 
relatively short distance by rail from poits 
on Lake' Hue, to whieh the ore is carried 
fiom tliii Lake Supeiior region on huge ore 
boats, designed for rapid loading and un- 
loading at a vei v small cost The, growth of 
the steel indust ly in (lary, Indiana, is also 
due to ils fuvoiable, loealion with respect to 
the transpoitatioii of iron ore over routes on 
the Groat Lakes, 


metallurgy of iron and steel 

3. The Blast Furnace 

lum Oies are ledueeil in a blast furnace 
(Figure 8111) Tins is a steel tower, about 
100 feet in height, and 20--22 feet m diameter 
at the w idest point It is lined w'lth firebrick, 
and the walls of the lower part of the 
furnace aie eooled by water which circulates 
through blocks or tubes made of bronze 


and embedded in the walls The furnace 
tapers toward the top and toward the bot- 
tom The lower constriction in the size of 
the tower is necessary to provide a support 
for the charge, when the materials near the 
bottom of the furnace melt A blast of hot 
an is blown into the furnace, neai the bot- 
tom, through pipes which are called tuyeres. 
The charge consists of suitable proportions 
of 01 e, coke, and limestone This matenal 
is dumped fiom cais into the top of the 
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furnace through a trap called a bell This 
arrangement is intended to prevent the 
furnace from lemaining open at the top, 
thus causing a strong diaft which would le- 
move the gases in the furnace too lapidly 
and also lowei the tempeiature The gases 
are led off thiough a pipe at the top Since 
they contain caibon monoxide, they have 
some value as fuel They are buined to heat 
the ail which is blown into the furnace 
through the tuyeres and to supply the eneigy 
rcquiied foi the operation of machmciy in 
othei paits ot the plant Coke is added tor 
two purposes Its combustion in the lower 
pait of the lurnacc piovides the heat which 
IS icquired foi the process and which selves 
to melt the n on and slag which aie pioduced 
It also acts as the i educing agent oi produces 
carbon monoxide, which acts in this capacity 
The limestone is added as a flux Most iron 
oics contain silica and clay which must bo 
scpaiated fioin the iron The limestone le- 
ads with these substances to pioduce a 
slag, which melts m the lower poition of the 
turnacc and floats on top of the liquid non 


It IS drawn off, as it collects, thiough a con- 
duit If the lion ore is veiy pure, both sihca 
and limestone must be added to form a slag, 
which IS a necessaiy pioduct of the piocess. 
The slag seives the following puiposes, (1) 
it collects on top of the non and provides a 
piotection against oxidation, which olhei- 
wise would be very lajiid at the temperature 
existing in the lower pait of the furnace, 
(2) the licuud slag piovides a medium in 
which the melted non, which i.s pioduced in 
small drops, may eollecl, into a singk' mass. 
The second condition is essential, since the 
melted non could not be easily colleeted if it 
were loaned m the presence ot solid mateuals 
The melted iron collects in tlic low cst, part 
of the fuinace, which is called the rntrihlr 
The nairow' poitioii ot tlu' lui unci' above the 
crucible is called the bosh d'lie opeialioii of 
the fuinace is confinuoiis, uoii is lemoved 
alioiit oveiy six hoiiis 
Meveial reactions occui in tlii' iuniaci' but 
each icaction is fairly simple Tlie an Dial 
enteis the fiiaiace near tlu' l,op of (he eiui i- 
ble, OI at the liob.om ol Uii' liosh, Iniins 


r 
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oxidation of non by carbon dioxide The 
leactions aic summaiized below 

G + O 2 — V CO 2 

CaCO, — )- CaO + CO 2 

GaO + S 1 O 2 — CaRiOj 

GO. + C-^2C0 

I'caO, + 3 C — V 3 CO + 2 Fe 

FciOsT C()-^2FcO+ CO 2 

I'VO + CO — >- Fe + CO 2 

The hlag which comes fiom the blast 
furnace may be used in the manufacture of 
Portland cement (page 664) The non 
which IS d) awn off as a liquid from the ciuci- 
hle IS run off into lai ge buckets for transpoi- 
tation to the steel null 01 into molds or 
troughs and cast into foims called “pigs” 
Pig lion IB then used as the staiting inate- 
iial in the production of all varieties ot iron 
and steel It contains 2 5 to 5 per cent of 
carbon and vaiymg small amounts of silicon 
(al)oui 2 poi cent), manganese, phosphorus, 
and sulfur It must be lefined before it can 
he used for almost all purposes, since it has a 
viu'y low tensile strength and is buttle The 
pi odiu'tion of pig non fluctuates from year to 
year with the periods of piospeiity and de- 
pression in the business woild The produc- 
ing capacity of the United States is esti- 
mated at about 100,000,000 tons A single 
blast fuinace pioduces 500 to 1100 tons of 
non pci day In some countries, where 
hydioelectiic power is cheap, non oies are 
reduced in electrically heated furnaces 

4 Cast Iron 

This IS the neaiest relative of pig non 
It is made by molting the latter in a cupola 
Jiinmcc with sciap non of somewhat better 
(piahty than the pigs themselves The 
fill mice is much smallei than a blast fuinace 
Init has about the same design Coke is 
added as the fuel and some additions, such 
as foriomanganese, may be made The 
liquid non is cast in sand molds, in which it 
lb cooled gradually. The pioduct is called 
gray cast iron It always contains about 4 
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pel cent ot carbon and vaiiable aniountH of 
silicon and raanganohc, wiLli amallei amouiilb 
of bulfui, pliohphoius, and otliei Glcmenit. 
Tt cannot be welded, lolled, or foigod, and 
has a small tensile sticngLli It is useil 
largely in producing articles that can be 
made by casting instead of forging oi maeliiii- 
mg - articles sucli as the pai ts ol stoves and 
steam uuhatois The caihon contained m 
giay cast non is picscnt largely as a carbide, 
FesC, called cemenhlc, wliieh decomposes and 
liberates caibon as giaphii.e as l,h(' iron cools 
slowly, graphite is responsible, in consider- 
able mcasuie, for the coloi and other piopci- 
ties of the metal Chilled oi while cast iron is 
made by rapidly cooling the non, or at least 
the suiface poi lions, while it is in the molds 
This variety of cast non ooniains caibon 
m the form of ocmontitc lathei than giuphite 
It IS very hard and brittle, and possesses ex- 
cellent wear -1 csistanee Malleable cast iioii 
IS made by heating white cast lion tor 50 to 
70 hours at a rod heat and then allowing it 
to cool gradually Most of the caihon m 
this product is picsont as small paitaclos of 
graphite This vaiioty of cast iron is 
slightly more desirable in making the pails 
of heavy machines and ccitain kinds of tools 
and implements It is fairly slioiig but it 
cannot be welded oi ioigcd 


finnacc, which is a small leverbiuatoiy 
furnace (Figure 1122) 'I’he heat is reflected 
horn the loof of the fuuiaco upon the eharge, 
winch consists ol pig non on top and a layei 
of non oxide on the bottom. I'he non melts 
and the impurities are oxidiKod by the oxide 
The carbon and sulfur au' lemoved as eai bon 
dioxide and sullui dioxide Silicon and })hos- 
phoius aic changed into oxides These leact 
with oxides of non and maugaiiose oi with 
limestone, wliieli may be added as a flux, to 
pioduce a slag The moie nearly pine iron 
which is foimcd, as the impuiitios are re- 
moved, has a higher melting point than pig 
non, and tlu' mass coiiseiiueiitly bi'comes less 
fluid. It IS laked togethei by means of a 
“rabble” and removed from the fiunaco in 
huge balls These are hiunmeu'd oi rolled 
to remove the slag The puHliiet contains 
0 2 per cent or less of caibon It is libions 
and IS solter anti stiongei than cast non but 
not so stumg as si eel It. is iniilleable and 
ductile It IS used to make iii tides which 
can be haniinered mio shape while led hot, 
plowshares, anchors, and hoiseshoes are ex- 
amples Wioiight iron lias Ixam K'plaeed m 
leeent years to a huge ('xt-ent by sh'ds enn- 
taiiiiiig veiy small lunoimts ol laihon 
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5 Wrought Iron 

Wiought non is a faiily puie form of non 
made by burning out most of the irnpimt.ies 
that occui in the product of the blast furnace 
The proce.ss is earned out in a puddling 



I 

Figure 322 Puddling Furnace 


The teiin sled is a name winch is ajiplicd 
to many widely dilfeieiit alloys of non It is 
made from pig iron liy bummg out the im- 
pniitics and latei adding conslitnents such 
as manganese, elnommm, iiiekel, tungsten, 
molybdenum, and vanadium to iiioduce 
steels which po.ssess speedle piopeilies and 
winch ai(' suiti'd loi' siieidie uses Sti'ds 
usually eontnm between tl 1 and I ,5 per eeiil 
of eailioii lienee, a huge ii.ii't ol llie caibon 
coiilaiuod 111 pig non must he lemoved in the 
piodnclion of stei'l I’liosphoi us, silicon, and 
snlfui, w'hieh aie espeeially objectionable be- 
cause they make steel buttle, must also he 
hugely lomovcd The two most gcncially 
used methods of making steel aic the 
Bessemer and the Open-IIcai th processes 
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6, The Bessemer Process 
This piocciss depends essentially upon the 
use of an air blast in binning the impuiitics 
out ot pip, lion It IS named after the 
Englishman, Bessemer, to whom an English 
patent foi the pioeess was gi anted in 1855 
The reaction is caiiied out in a large egg- 
shaped erueilile (Elgin e 328), called a 
Behsenier coiiverler. The ciucible is made 
of steel, ami m the United Htates is usually 
lined with silica buck, The silica constitutes 
an “acid" lining, which will leact with basic 
oxides that aie pioduced by the oxidation 
of the impiiiities but not with the oxides of 
phosphoius or sulfur Hence, the acid- 
Besseinei pioci'ss is .suited only to the 
pioductioii of steels fiom pig non containing 
inappieciablt' (luanlities of those two ele- 
ments If much phosphorus is present in the 
iron, a converlei lau'd with dolomite buck, 
which is basic, may lie used 

The eouveilm is built on a tiunmon so 
that it may lie tipped over to receive the 
chaige of melted iron liom the blast furnace, 
01 todelnei the (iuislied pioduct into laigc 
ladles A com ei ter holds fiom 15 to 25 
tons of •'teel \ir is foiced under a prcsaiiic 
of about 30 pounds Uiiough a hollow tiun- 



Figure 323 The Bessemer Convorier 
Air enters the converter (E) through the trunnion (B) 
Gasses resulting from the combustion of impurities escape at 
D and the molten steel collects at A 


nion into an air box in the bottom of the 
convertei . From here the air passes thi ough 
holes in a false bottom of the conveitei into 
the liquid mass of the chai ge The oxidation 
of the impunties, especially the oxidation of 
sihcon, liberates considerable heat, and dui- 
ing the “blow,” flames and sparks are shot 
out of the mouth ot the ciucible with a daz- 
zlmg, blinding biilliance The oxides of 
manganese and non leact wnth the silica to 
form a slag that floats on top of the molten 
lion The air blast is continued until the 
character of the flame indicates that the 
carbon is completely oxidized The time oi 
a blow is 10 to 20 mmutes Carbon, man- 
ganese, chiomium, and other elements are 
then added to give a pioduct of the desired 
composition These elements usually are 
added in the form of non alloys, such as 
fciiomanganese or Spiegeleisen, which con- 
tain a loiown quantity of carbon To remove 
oxygen which may icmain m the steel, oi 
which may become trapped in it as the metal 
IS pouied, deoxidizers are also added puor to 
pouring Aluminum, ferromanganese, or 
feiiosihcon are used for this pin pose If 
not lemoved, the gas would foim small bub- 
bles which would weaken the steel The 
convciter is tilted and the chaige is pouied 
into large ladles and then into large molds 
where it solidifies in the form of ingots The 
ingots aie rolled to make rails oi hammeied 
into other ai tides 

In Ameiica, the use ot the acid-Bessemer 
process IS limited because it does not remove 
phosphorus and sulfur. The steel made by 
this method is usually consideied somewhat 
lufeiior to that made by the open-hearth 
piocess and more likely to contain flaws, 
Bosscmei steel is used laigcly to make lail- 
load rails and the steel framewoiks of build- 
ings, bridges, and other stiuctures An- 
other disadvantage oi the piocess is the 
rapidity with wdiicli it must be operated 
In Older to pievent the iron fiom oxidizing, 
the air blast must be discontinued as soon 
as the impuiities aie binned out, and the 
iron must then be pouied immediately before 
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Figure 324 Open-Hearth Process of Steel Making 


Molten steel lies about 24 inches deep on a bed about 40 feet long by 1 6 feet wide The Itnino of tins bed consists of 
magnesite, dolomite, and lime The wails and roof are constructed of silico bricks The illustration shows the current of hot 
gas and air being forced above and around the molten metal and possing out through the checkers at the left, and from there 
out to the chimney Ore of less purity than that used m the Bessemer process is successfully mode into fine steel by the open- 
hearth process 

it has a uhance to solidify It has the ad- it may be pielu'iili'd in a sinnlai niannei' 

vantage oi lowei costs, however, over the The hotgascs piodiiced diuing llie oxidalmii 

opeii-hcaith piocess of the caibmi, sulliir, and ((Mlniii olhei iin- 

puiities pass oil llnoiigli auolliei biick-woik 
7. The Open-Hearth Process cliiuiibei The direelioiis ol Ibe enleiiug 

The furnace used in this process is shown gases and tlie gasc'oiis products aic icvciscd 

m Figure 324 A chaige consisting of pig fie(|iieritly so Unit each ihanibci is alli'i- 

iion, lion oie, seuip non eoveied with nately healed and sinvcs, in its luiii, to ino- 

uist, and limestone is placed on the liiinacc heat Ihe au Udie caiboii is icnnued iioni 

hearth The health of the liiinaee is iisiuilly the non as caihon dioxide, while llu' phos- 

made of a basic inalei lal, such as limestone, pliorus, sulliii, and silicon aic cmncilcd 

dolomite, 01 magnesite A lieiiitli made of fust into oxides and llicn nilo lusi|]lc com- 

silica buck is used in the acid ojK'ii-heai th ])oinids by nilmaclioii w ilh lime ni magiicsui 

fiuniieo to make steel horn non which eon- ddiis mateiial isillccls as slag on I In sinlaci' 

tains vciy little phosphoius oi fioin seiap of the steel and is easily lemoied The 

steel Heat IS piovided by buimng fuel gas, fuinaee makes abinil fiO (oiis ol s(eel al oin- 
an oil spray, oi powdeied coal over the time The pioeess leiiuiies about 12 hoiiis 
chaigc The fuel and an cntei tliiough pie- foi each chaigi' 

heaters The an is pieheatcd by passing Ncai the end of the leai tion di'oxiilizeis 
through a biiek-woik diambei bcloic it aie added Because the pun ess is i eiy slow, 

enteis the luinace It a gas is used as luel the steel can be analyzed bom lime lo time, 
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FlggrQ 325 Tapping a Bla$l Furnace 


UIkI dll' lull I III III' "liililicil wllCI) (III! 

Illinl\ '■lliiss i lll.'il lll>‘ ilr'-IM'il iMlIlUIl COH- 
ll'Ill iuis I M I II 1 1 .11 ilii 1 . 111 -I liflilU' til(‘ .‘^U'C'l 

iv ]i<iiiiril ihi II i(iiiii'il .uiil Ciili'iilalod 

uluiiuiil I it III. I iiu. nil’ll , I 111 oiiiiiiiii, ami oUu'i 

I'li'iiu'Ul all' .11 I'll li 

Vlli'i llii II iiim.'il III dll' -la}?, imillcm .sled 

is iKiiliid li\ .llli i\\ 1I1)J1 ll til mil Hill) Uiill<'» 

(llciHillls 1 1 1 j.'!' I nil kri ■■ I Siillll'l llHI’)’ l)\Jf!,(’U 
W'la i'iiL',1 I s aii'l I'll III! Ills dial liiiui alloy 
hlri'N all .iilili ll 111 dll' I ll iifji' 111 dll* liitlli'S 
Kiiiiiillii lailli 'till' liili piiiiii'ii Hilo iiioltls 
lllloilll IIIL'i'l I !ll IH lioll's. |l|l)llui‘(‘(l ItH'Kcly 
li\ I'. Ilium 111! II n I’vii li iii.iv 1 1 ll 111 I lit' 

.Slillllll\ I III -r I .111 III' pii'\ I'lltl'il liy iullllilK 

i-i'iix riiL!:i 1 - iliii luiiiliiiii' with i)\y(^f‘ii and 
dills pH'\ cut till' Im iii.iiiim 1)1 raibon niouox- 
uk* I'lliiw link's all .dso iciiiiivcd by tolling 
and ibiiwiiifi 

Sli|rhtl\ luiiH' fli.iii dO j)('i I'l’ut of the steel 


made m the United States is produced by the 
I )a.sio open-hearth pi ocess Open-hearth steel 
IS iiiufoi'in in stiuotiue and is less likely to 
contain Haws than Bessemer steel Some 
.steel IS pioduced m electric fuinaces, which 
opeiate on the same pimciples m pioducmg 
steel as the open-heaith furnaces, except foi 
the use of electricity as a source of heat. 
The use of the eleotnc iuinace m steel man- 
iifaetuie is increasing but is still limited 
About 2 per cent of all steel and above 20 
1)01 cent ol the alloy steels aie pioduced in 
such furnaces 

8. Crucible Steel 

liigli-grade steel, containing up to 1 6 
per cent of carbon, is made by melting the 
steel fiom the Be.ssemcr eoiivertei oi the 
open heal th in laige ci ucibles The i equn ed 
amounts of carbon and other elements 
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Figure 326 Pouring Steel into Ingot Molds 


(chromium, mangancrie, tungsten, ale ) aie 
added and allowed io dissolve in, oi alloy 
with, the non The steel made in this man- 
nei has a umfoiinly high quality It is used 
mainly in the maiuifactiiie ol tools and of 
articles such as spimgs, files, razoi blades, 
and ktuvc', 

9 Hardening and Tempering Methods 
Steel ingots, al'lei tlu'y iiave solidified, are 
placed in a soalciiig pit lieie tliey are kept 
at red heat loi some time in oider that the 
i-ti'ams and sti esses produced during solidifi- 
cation may be lelieved Afteiwaids, wlule 
still hot, the steel goes to the i oiling mill 
where it is rolled, that is, worked into differ- 
ent shapes by being passed through steel 


rolleis. Some may be drawn into wire or 
rod, and some may bo foiged 

The pi Opel ties of non and steel depend, 
to a considerable extent, upon the physical 
state of the non and upon the condition of 
the caibon At ordmaiy tempeiatiucs, the 
stable hum ol ii’on is soft This is called 
alpha won or Jcrnlf At temtiei aim os above 
900°, this modifiealion ol iion changes to 
gamma non, which eonseciuently is the foim 
of non 111 steels that are heated to high tein- 
peiatuies foi some time Ttiis foim of non 
dissolves caibon up to al lOut 1 5 to 2 pei cent, 
and when rapidly cooled, ciystallizes to give 
a solid solution ol ccmciihic, FimC, and 
gamma non This solution is called auslenilc 
Steel of this composition is made by ciiumch- 
ing the hot inelal m wafer oi oil The com- 
position leinains unchanged dm mg the cool- 
ing, since the change lo .ilpha non and the 
changes involving caibon do not liave time 
to occur This steel IS haul and buttle II 
steel is cooled slowly, the alpha niodilication 
of iron IS produced, and the caibon is laigc'ly 
deposited as segregated ciystals of rcmcntila 
Ol as pailiclcs oi giaphite fi’liis vaiicty of 
si eel issoltcr, mou' pliable, anil has a higher 
tensile stiength than sl(>el \sliieli has been 
cooled rapidly 

If steel winch him heeii cooled lapully is 
leheatcd to Ic'iniieraluies liefwei'ii 200° and 
325°, some clianges oeeur m Ihe eomposition, 
and the piopm'lies oi Ihe si eel iu(' modified 
accordingly The solid solution of cmuentite 
and lion isbioken up to some exlenl by the 
C) J^slilllizallon of segiegaled eemenlile or 
giaplule At the same tune, some ol the 
meehanieal sliaiiis resulling fiom laiiid cool- 
ing aie also lelieved H\ \ai\ mg lh(' b'lii- 
IH'uitmc, Ihe lengih of the pel lod ol heating, 
and the uite ol cooling, Ihese changes may bi' 
made to oei ur to dilh'ieal extents, and sii'cls 
possessing vaiymg di'giees ol hardness can 
be pioduccd 

Casc-hardcncd sled is made by healing low- 
caibon steel in closed conlaincrs with pow- 
deied carbon and latei qncncbmg it in oil 
The steel talces up some of the carbon on its 
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Element Percentage 


Silicon 

1 -2 

12-15 (Duriron) 

Cerium 

70 

Nickel 

1.5-4 

Nickel-Chromium 

1-15 and 0 2 
to 0 7 
7-10 and 1 8 

Chromiu i 

1.5-5 

10-15 

Vanadiu.m 

0 1 

Manganese 

10-14 

Tungsten 

4-18 

Carbon 

01-15 

Molybdenum 

6-7 

Lead 

1 pt in 500 

Titanium 

0 1 


Properties of Steel 

Hard, strong 

Resistant to corrosion, acids, etc 
Pyrotechnic, emits sparks when scratched 
Strong, resistant to corrosion, tough, low coefficient 
of eKpansion 

Hard, tough, high tensile strength 

Stainless, strong 
Hard, strong, tough 
Stainless 
Tough 

Hard, resistant, strong, tough 
Hard, holds temper when heated. 

Hard 

Holds temper when heated 
Easily machined 
Very hord 


hLH'fim', Hum puKluciiik!; ii motul which has a 
lliin liivur nl iuud liiKh-ciuiKiu slcel on its 
hiufiK't' iuwl a coi'o ol nlioiifi,, pliable, low- 
cailion steel Steel (leuted in this mannci 
IS used lo nutlu' u\les, cm wheels, and othei 
arlu'les lliut must be liaid to lesist W'cai and, 
at tlu' stuue time, somewhat Ilcxihle to pic- 
vent luealviufj, wiu’u sul)|eeted to sudden 
slitims tiiid shoeks A smiilui vaiiety of 
steel IS made by healiiiK (lie metal m an 
atmosiilieie oi ammouui tu Hus ease the 
suvlae<> is liiudeiK'd iiy the lormatiun of iron 
mtiide 

10 Alloy Steels 

Some ol Hu‘ nialenals tulded loiron in the 
manuiaeluu' ol s(,eel aet as puidiers orseav- 
('iiaeis Alunmium, silicon, Hlanium, and 
miuiSLauese me ollmi added lor tins puipose 
These suhstaiiees insuie Hu' complete leduc- 
1iuii oi any non oxide Ihai, might otheiwise 
escape lediielioii d'hey leaet ivith available 
oxygen to foi m veiv stable oxule.s, thu.s pre- 
vimting Hie loiiuatioii. ol embon monoxide, 
which would iii'oduec blowholes m the steel 
The compounds fmmed by the oxidation of 
the scavengeis au' lemoved m the slag 


Other elements, usually metal.s, aie also 
added These lemain m the steel and form 
alloj’-s with the ii on The simplest steels con- 
tain small peiceiitages of caibon and man- 
ganese In Older that steels may be pio- 
duced that aie haid and, at the same tune, 
stiong instead of buttle, ehiomium, nickel, 
manganese, vanadium, molybdenum, silicon, 
manganese, and uianiuin aie added Foi 
eveiy ton of steel pioduced about 30 pounds 
of non-ferrous metals me added oi used as 
coatings By vaiyiiig the number and pei- 
centages of these elements, it is possible to 
produce steel possessing piactically any set 
of propel ties Fiequent mention of such 
steels has been made in discussing the chem- 
istry of other metals The composition and 
the important features of a few of these 
steels are suminaiizcd in Table 45 The pei- 
centages of the added elements vaiy con- 
siderably, and those given should be consid- 
ered as typical of a tow common alloys 

n. Properties of Pure Iron 

Fine non is scaieely ever piepaied on a 
commercial scale and is not well known even 
in the laboiatoiy It may be made by ic- 
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ducmg pure ferric oxide with hydrogen and 
heating the product for some time in a vac- 
uum to remove adsorbed hydrogen It is 
also made by elootiolysis, using non elec- 
trodes and feiious sulfate as the elcctiolyle 
Wrought iron comes the nearest of the com- 
mercial forms of iron to possessing the prop- 
erties of the pure metal. Pure non melts 
at about 1530°) wrought non at about 1500°, 
and pig 11 on at about 1100° The pure metal 
has a silvery-white lustei, and is malleable, 
ductile, and relatively soft It possesses 
much stiongci magnetic piopeities than any 
ol the commercial forms of non Two of its 
allotiopic modifications, alpha non and 
gamma iron, have been mentioned in con- 
nection with the tempering of steel (page 
740) In addition to these there is a third 
loim, della iron, which is stable above 1400°. 

Chemically, non is a relatively active 
metal In this connection, the displacemiuit 
of hydrogen from steam by hot non, the 
burning of finely divided non in air and m 
oxygen, its diiect eomlimatioii with sulfur 
and with moist chlorine, and its displacement 
of hydrogen from hydiochloiic and sulfiiiic 
acids will be iccalled as examples of its ac- 
tivity, Like some of the othei metals (page 
722) iron has a passive state, and ivhcn in 
this condition it docs not react with dilute 
acids It IS made passive, for example, 
when it IS dipped in fuming iiitnc acid It 
becomes active again when it is sciatched or 
sti uck Iron foims two series of compounds 
in which it has a valence of positive 2 and 
positive 3, lespcctivcly Its oxides and 
hydroxides aie basic lion foims a few com- 
pounds in which its valence is apparent Iv 4, 
e g. BaPeOj, and otheis in which the valence 
is 6, e g Na 2 Fe 04 These compounds show 
that iron has a slight tendency to act in the 
same way that aluminum, zinc, lead, and 
othei amphoteric metals act These com- 
pounds arc of little impoitaiice 

1 2 The Corrosion of Iron 

The coriosion, oi rusting, of puic iron is 
slow. Impure iron corrodes more lapidly 


but only in the prcseiuic of moisture In 
puic w^atci the reaction is slow', but .solutions 
of electrolytes cause uipid cono.sioii 

Coiiosion IS probably the u'sult of elcc- 
liolysis Metals Inghei m ihe ehniliochemi- 
cal scries than non act as lire caihode. 
Wherever they are located — as impurities 
111 the iron — water luolecuh's leiict with 
oxygon (di.s, solved) and icniove electrons 
from the cafhodes to imm hydiowl ions 

21120 4- 02 + 4e — >■ i Oil- 

lion, itself, acts as the anode, at winch iron 
lb eonveited into iejious ions 

].'(• -1- Fe' ' -h 2 e 

Feiious hydioxule, l'V(OlI) 2 , is thus foimed 
and IS icadily oxidized to ifioOi r IIjO, hy- 
diatod feme oxide, whieh is the piincipal 
cumpoiieiit ol non nisi 'I’lii' watei contenl 
ol this compound vane.s, and tlieieloie the 
iiumbei of molecules of watei m (he hydiale 
lb icpicsenled by i Because Ihe leaclioii is 
one involving electiulysis, a .solution oi an 
electrolyte causes nioic lapid iionosioii than 
pine w'litci. The eleclioUte is ollen only a 
solution of ciuliou dioxide (c.u boiiic acidj 
To piotect non iiom couosioii, it may lie 
painted, alloyed with olliei melals, treated 
while liot with steam, whieh tonus a luotect- 
ing coat of Fc,)Ui on the siiilace, coviued 
with oil or giease, whieh exeliides oxi'gt'n 
and watei, oi eoveu'd with a metal, as in tin 
plate or galvanized non 

13 Oxides and Hydioxides of lion 
Fetrom ondr, Fct ), is a lilack |i(i\wlet It 
cun be made liy lediicing leinc oxidi' with 
hydiogen at a Icinjieial iiiu ol ddl)" oi lowei, 
Ol by the deeoiuposiliou ol Icnoiis oxaialc, 
F 0 C 2 O 1 The eonesjionding li\dioxidc, 
Fe(()Tl) 2 , IS a while sotal which may he jne- 
eiintated by adding a solubli' hydnixidi' to a 
solution oi a tenons salt II tends t^) bci oine 
a colloidal gel, reseiuliUng ahuunmm hyiliox- 
ide in this le.spcct Whim allowed to stand 
in contart with the air, it luins gieen and 
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then blown us it, is oxidized to hydrated 
ferric oxide oi 

Feme oiidr, Fe-.t is prepared by igniting 
feiiic liydioxide, FetOII),), or liy roasting 
pyrito, FoSo, in tlie lui It is an insoluble led 
powder. It oceius in nuluri' as ilic impoitant 
mineral beiiuilile, winch vaiies in color from 
brow'iiisli-icd 1o black lion lust and the 
iron ore, biuoiiiic, ctmlaiii hydraled foiius 
of the oxide, ol which FejOnIIoO and 
2Fe,()-ib Ib'O uic Upical 
Vei\ pine, gidli s-^ lemc oxide is used coni- 
nicrciallj us jewcler’.s /om/c and ns Venelian 
red As' t he hit t ci it is used as a pigment in 
paints foi baiu^, budges, lailway cans, etc , 
and as a pigniciit toi potteiy and rubbei 
Feme lij dioxah' is pus iintated as a reddish- 
biown gel when a soluble hydroxide is added 
ton solution ol .ilciiicsalt This substance, 
although usually assigned the formula 
Fe(t)ll)i, is piobablv a niixtnie of the hy- 
diiited loinisot liuiic oxide 'I'lie piecipitate 
dissolves in acids but not in solut ions ol bases 

I'lie two oxides of uun aie found togetlun 
in iiatuie as the luiiicial iioa/ac/i/c, FiuOi 
Tills .substuiiie is a coiiipuuiid whose coni- 
po.sitloii is best icpieseiited by the foiiniila 
Fc'dd'Oi T'bis (oiiipouiid is sometimes 
found on tbesuilaceot non that is heated m 
tlieaii It loi Ills .1 duiable, tightly adheimg, 
and iioii-lioioiis liliii on the object and pro- 
tects it against i listing Such a Iilni is found 
on gun baiiels 

14 Ferrous Sulfate, Feist b 
The inosl widely used leiioiis salt is the 
sidjalr, FeSOi It is iiiepaicd by dissolving 
iron m dilute sulluiic and and eyapoiating 
the solution Sciap non may be used foi 
this iniipose, and a coiisideiablc quantity ol 
coniineicial leiioiis siillatc is lecoveied fiom 
the iiickluig baths m which sheet non is 
dipped beloie It IS galvanized oi coaled with 

enamel Kci i ous sullale is also piepaied by 

the oxidation ol moistened pyiite m the air 
The iei urns sulfat e is latm ext racted bom the 
mass w ith w atei 'I’lie salt ci ystallizes born 
solution as the gieeii hydiatc, FeS04.7 HzU, 
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which is called green vitriol The ci ystals lose 
the water of hydiation when exposed to the 
air and become brown in color due to the 
oxidation of the fen ous sulfate. Solutions of 
the salts are not peimanent, since the ferrous 
sulfate IS readily oxidized to Fe(0H)S04, 
the basic feme sulfate. To prevent this 
change, the solution is acidified with sulfuric 
acid and kept m contact wuth metallic iron 
Ferrous sulfate is used in the puiification of 
water, where it acts in the same manner as 
aluminum sulfate (page 179) It is also used 
in medicine , as a disinfectant , as a weed killer 
and wood pieservativc, in the manufactuie 
of black inks and dyes, and as a reducing 
agent in the laboratoiy and in commeicial 
opeiations When used in inks, tannin is 
also added This leacts with feirous sulfate 
to toim the fell ous salt of tannic acid This 
salt IS oxidized to feme tannate, which is 
black, but this change is prevented in the 
ink by the addition of sulfuiic acid and a 
piotective colloid, such as gum arable A 
blue dye is added to give the ink a coloi 
when it IS first used m writing After stand- 
ing on the papei foi some time, the feirous 
tannate is oxidized to the black feme salt 
Bluish-green crystals of the double salt, 
ferrous ammonium sulfate, FeS04 (NIT4)2S04 - 
6 IbO, sepaiate from a solution contain- 
ing equimolccular amounts of ammonium 
and ferious sulfates This substance is 
stable in the aii , and foi this leason is pi efer- 
able to ferious sulfate m analytical chemistry. 

15 Ferrous Chloride, FeCh 
This salt crystallizes as the hydiate, 
FeCbdHzO, fiom solutions made by dis- 
solving lion m hydrochloiic acid The 
Cl ystals of the pure, hydrated salt are blue, 
but they turn gieen in the an as oxidation 
progresses The anhydrous salt is prepared 
by the action of hydrogen chloride upon non 
The salt is used as a reducing agent and, in a 
limited way, as a mordant 

1 6 Other Ferrous Compounds 
Ferrous sulfide, FeS, from which hydrogen 
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sulfide IS prepaied, is made by heating non 
filings with sulfur It is precipitated as a black 
compound, when hydiogen sulfide is passed into 
an alkaline solution of a feirous salt Natural 
ferrous sulfide is called pyrrhoiite Ferrous car- 
bonate, FeCOs, occuis in natuie as sideriie, and 
may be precipitated fiom solutions of feirous 
salts by soluble carbonates It is soluble in the 
piesence of an excess of caibon dioxide because, 
like calcium caibonate, it foims the bicaibonate 
Fe(HC03)2 Watei which comes fiom beneath 
the surface of the eaith frequently contains the 
bicarbonate in solution and is called chalybeate 
water Wlicn it reaches the an, carbon dioxide 
is lost, and FeCOa is first produced By a senes 
of reactions involving oxidation and hydiolysis, 
the iron IS finally deposited as feme hydroxide oi 
hydiated feme oxide 

17 Ferric Chloride, FeCla 
This IS the most impoitant feme salt 
It is made by the action of chlorine upon ii on 
This reaction gives the anhydious salt as 
lilaok crystals The salt can bo sublimed 
when heated It is veiy soluble in watei and 
foims seveial hydiates The most familiai 
hydrate, fiom which solutions of feme 
chloiide usually aie piepared in the laboia- 
tory, IS FeCla 6 HaO When the hydrate is 
heated, hydiolysis occuis and IICl is liber- 
ated When the mateiial is heated to diy- 
ness, only the oxide icmains In solution, 
the salt is also strongly hydiolyzod It is 
used as a moidant, as a reagent in chemical 
analysis, and m medicine “Tinctuie of 
non” is a solution of feme chloiide in an 
alcohol-watci mixtuie It is used m medi- 
cine as a tome and m the ticatmenl of 
anemia It is also used to coagulate the 
blood in cases of seveie bleeding 

18. Ferric Sulfate, rc 2 (SOi)j 
This salt is produced by oxidizing feiious 
sulfate Since it does not ciy.stallize satis- 
factoiilv from solutions, it is usually con- 
vcited into alums, such as lernc ammonium 
alum, NHiFc(S04)2 12 Ii20 oi non alum, 
KFe(S04)2 12 H2O These aie leadily sepa- 
lated from solutions as well-foimed ciystals 


They are used as oxidizing agents in a few 
reactions m analytical cheniistiy 

19. Complex Iron Cyanides 

The piepaiatron and piopeities of the 
feiiocyamdes and ferncyanides were dis- 
cussed in the chapter which dealt with the 
compounds of nitiogen Oui mteiest in 
these substances at present is in their use in 
tests for feirous and feme 10ns. Feirocya- 
nide ion leacts with feme ion to form a dark 
blue precipitate called Prussian blue This 
substance is fei ric fer 1 ocyamdc 

4 (FO+++ + 3 OF) -F 3 (4 K*- -t- Fe(CN)r^) — )- 
12 (!<;+ + C1-) -F FeJPo(ON).], | 

Fciiicyanide reaels with ferrous ion to form 
the daik lilue insoluble compound called 
Turnbull’s blue This sulistance is /en ous fer- 
? icyamdc 

3 (Fe«- -F SO,”) + 2 (3 K'- -F Po(CN)r’) >- 

Fe3[Fc(CN)o]2 1 + 3 (2 K*- -F SOr) 

Fcuoiis forioeyanide, if pine, is white, 
and feme feiiievanide is a soluble gieen 
eoinpound fsinee feu ous ion does not form 
a blue piecipitate with fei loeyanide, the two 
valence-stales oi non can be detected by 
means of the two icaetions shown in the.se 
equations. Fcinc 10ns aic also detected by 
means ol potassium thiocyanalo, KCNR, 
with which it foims the lilood-icd, .solulilo 
compound, K 3 '^Fe(RCN)ii~'‘ 

Prussian blue is used as bluing and as a 
pigment in paints 

20 Blue Pnnls 

The paper winch is used in making hliu- 
punts us made sensitive to liglit by (Iqiping 
it m a solution containing leiiic aiinnonium 
citiatc and potassium feuicyanule. The 
papei IS then dued in tlic daik It is eovcicd 
uitli a mi.xtuic of the two salts and leme 
femeyamde, winch gives it a gii'cn color 
A sheet of this paper is coveicd with tracing 
cloth, upon which the design to be blue- 
punted has been diawn, and exposed to the 
light. The feme compound is reduced to the 
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ferrous slate, wherever light passes through 
the tracing cloth and stiikes the paper 
There is no change beneath the lines in the 
drawing The papci is developed by being 
dipped in water. This brings about a reac- 
tion between ferrous and feriicyanide ions, 
forming insoluble Turnbull’s blue wherever 
the ferrous salt has been made. At other 
points, whme llun-i' has been no reduction, 
the uiiehangi'd substances arc completely 
removed by dissolving in the water. The 
blue print, thmeforo, is like a photogiaphic 
negative in that white regions on the paper 
correspond to black portions of the original 

COBALT 

21. History and Occurrence 
The name of this element is derived from 
the Gcimaii word kohold, which means “a 
goblin.” Foi a long (line, the miiieials fioin 
which cobalt was liiuilly piepaied icbistedall 
effoits to decomiiosc them, and it was 
thought Unit goblins and devils carefully 
guauled the mineials and tli waited man’s 
attempts to hbeial,e the metal Brandt suc- 
ceeded m prepaimg the element in 173.') 
Cobalt oeeuis in naluio in many mineials 
that contain compounds of non, nickel, sil- 
vei, aiseme, and eopiim d’hc common co- 
balt mineials are compounds of the element 
with sulfur or aisemc cohaliite, CoAsS, 
maltilr, Co As., and hnnalilc, C03S4 The 
iichest di'posits of these minerals aie in 
Ontaiio, Canada The 01 es of this icgion 
contain huge amounts of silver, and cobalt 
is piodueed as a bv-inodiict of the silvei 
smi'Ki'i's Cnbalt is also piodueed from ores 
mined m the Bidgian Congo, and large, un- 
developed deiiosits au) located elsewhere in 
Africa 

22 Metallurgy 

The cobalt ores of Ontario are smelted in a 
small blast furnace, from which the silver is 
recovered as bullion, and the other metals 
are collected as a complex mixture of arsen- 
ides and sulfides The latter is roasted with 


suitable fluxes to remove arsemc and iron 
Heating it with sodium chloride converts 
the cobalt and nickel into chloiides, which aie 
extracted with water The nickel and cobalt 
aie then piecipitated as Co(OH)2 and 
Ni(OH) 2 The separation of these two metals 
IS extremely difficult. In the Mond process 
the oxides are reduced with water gas, and 
nickel IS removed by forming the volatile 
carbonyl, Ni(CO)4 m an atmosphere of car- 
bon monoxide Metallic cobalt is made by 
the Goldschmidt process or by the reduction 
of the oxide with carbon 

23. Properties and Uses 

Pure cobalt is silvery-giay, malleable, duc- 
tile, and magnetic at ordinary temperatuies 
It melts at 1480° Like iron, it displays the 
phenomenon of passivity It is less readily 
oxidized than iron It reacts with oxygen to 
foim COjOi, which is analogous to FeaOi 
When it IS heated to redness, it slowly dis- 
places hydrogen from steam, and at ordinary 
temperatures it reacts slowly with non- 
oxidizing acids It also combines directly, 
at different temperatuies, with the halogens, 
caibon, and sulfui 

Cobalt is not widely used Its use m 
making carhaloy has been mentioned in the 
discussion of tungsten (page 727) Its most 
important use is in the manufacture of 
stellite, an alloy containing iron, cobalt, and 
varying percentages of metals such as 
chiomium, nickel, tungsten, and molybde- 
num Stellite IS used in malang high-speed 
cutting tools, surgical instruments, etc A 
coat of stellite is sometimes placed on iron 
and steel to form a hard surface that resists 
abrasion The coating of metals with stellite 
IS called stelliting 

24 Compounds of Cobalt 
The oxides of cobalt are CoO, C02O3, C0O2, 
and C03O4 The last of these is a compound, 
C0O.C02O8, or 2 CoO C0O2 The monoxide 
is used to produce a blue color in glass, 
enamels, and glazes, and in painting blue 
designs on china. In all of these cases. 
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the blue color is due to the formation of 
a cobaltous silicate Powdered blue cobalt 
glass IS called small and is used foi similai 
pui poses and as a pigment The trioxide, 
C02O3, IS made by heating Co(N03)2 When 
the hydroxide, Co (OH) 3 is heated to diive 
off water, C03O4 instead of C02O3 is formed 
The dioxide is made by the action of vigorous 
oxidizing agents upon cobaltous compounds 
m alkaline solutions Although cobalt foims 
cobaltites, in which it acts as a non-metal, 
the principal compounds of the element are 
salts in which cobalt acts as a metal. The 
cobaltic salts aie unstable and aie not well 
known The cobaltous salts, such as C0SO4 
and C0CI2, aie easily piepaicd and are the 
most impoitant compounds ol the clement 
The anhydious salts are blue and the hy- 
drates aie red Cobalt foims many complex 
salts in which its valence is 2 or 3 Exam- 
ples of these complexes are NtiiCoCCN)^, 
Co(NH3)6Cl3, and K3Co(N03)(i Potassium 
oobalti-nitiitc, K3Co(NOa)o, dissolves only 
slightly This complex salt is loiincd when- 
evei a cobaltous salt, a potassium salt, and a 
nitrite aie brought togcthei m a solution 
containing acetic acid This reaction is used 
as a test foi both potassium and cobaltous 
ion 

In qualitative analysis, cobalt is piccipi- 
tated as the sulfide in the group wrth iron, 
zinc, manganese, and nickel The sulfides of 
nickel and cobalt do not piecipitate in mod- 
erately acid solutions, but when they aie 
once formed they are dissolved by acids only 
slowly Advantage is taken of this behavior 
in separating cobalt and nickel fiom non 
and othei metals Cobalt may then be de- 
tected by precipitating it as KjCo(N02)o, 
since nickel forms no precipitate undei i.lic 
conditions that aie nsed in forming this 
compound. 

NICKEL 

Nickel ores, like those of cobalt, are diffi- 
cult to reduce; consequently, early cffoits to 
produce the metal which they contain were 


unsuccessful It was thought that these 
minerals contained copper and so they were 
called kwpfcrnidd, a German word from 
which the element nickel derives its name 
Kupfer refeis to co]ipci', and mcKd to the 
devil which was thought to prevent the 
prepaiation of copper from the mineral The 
element was liist piepaicd 111 1857 by Cron- 
stedt 

Nickel occurs in riictcoiilcs as an alloy 
with 11 on. Ill par TOC? ilc, NiO MgO.SiOs nil/); 
and in other minerals in which it is associated 
with cobalt, copper, non, and silver as com- 
plex sulfides and aiseindes 'The lai gest par t 
of the world’s supply of nickel is obtaniod at 
present from deposits 111 Ont.ino, Canada, 
which coni am a mineial composed of the 
sulfides ol lion, nickel, and copper Home 
nickel isiccovered in the elccliolytic lefinmg 
of coppci 

25 Metallurgy 

The Canadian 01 es are 1 oasi ed and snii'lled 
in a blast furnace This yields a mal (<' of the 
sulfides of nickel and olhei metals 'The 
matte is then mixed with silica and lu-ated 
in a Bessemer convx'rter, 111 which non is 
oxidized and converted into slag 'The I'li- 
1 idled nickel matte is then fuithei heated 
and the nickel suHide i.s oxidized to the oxide 
[n anothci process the matte is heated with 
sodium sulfide, which dissolves the sulfide of 
copper and leaves the sulfide of nickel The 
icsiduc containing the iiickcl is then thoi- 
oiighly roasted to foi in Ihe oxide, which is 
reduced by means ol ciiibon Htill another 
method IS the Mond process, which has bemi 
described in the section dealing willi coball 
The nickel caibonyl, which is foinu'd in this 
pioccss, IS decomposed, when it is heati'd, 
into piiic nickel 

26 Properties and Uses 

Nickel IS a silvery, hard metal, which takes 
a high polish It is malleable and can bo 
welded with non Like non and cobalt, it is 
highly magnetic It melts at 1452° It is 
not attacked by air under ordinal y condi- 



NICKEL 


747 





Figure 327 Nkkol Alloys Used In Jet Plane Engines Resist the Destructive Effect of High Temperatures 


lions, liul v(‘iv luK'lv (lividod nickel ignites 
hponliuicotislv In its iictuin upon steam 
and (hlule acids, it n'sciuliles cobalt vciy 
closely, iillliougli it is less leactivo towards 
all ol llu'M' It dissolvi'H leadily m dilute 
mil 1C, but IS niiide passive by the concen- 
tialed acid 11, is not attacked by fused 
alkali, and loi Ibis leasoii ciuciblcs made of 
nickel aie used in the laboiatoiy when such 
fusions have to bi' made 
Nickel IS used in making scveial vaiieties 
of alloy sb'els and manv other alloys. Monel 
nielal, uliieb conliuiis essentially nickel and 
cop))ei wilbsmall pei cent ages of iron, is one 
ol the most, iniiini'laid nickel alloys with non- 
fen mis melah 'I’liis alloy is laimhar as a 
covei mg loi kit clieii sinks and soda fountains, 
but it is moie widi'ly used for blades of pio- 
lielleis and tuibiiu's, steam lines, valves, and 
many loi ms ol hardivaie (knman silver is 
an alloy of copper, iindcel, and zinc The 
alloy us(hI loi nickel coinage (US) contains 
25 per cent of nickel and 75 per cent of cop- 
pei Conslanlan (Ni 40, Cu 60) is used m 


making thci mocouples. Manganin (Ni4, 
Cu 84, Mil 12) i& used as electiical lesistance 
m heating devices in the same way that 
nichrome (page 722) is used Invar is a high- 
nickel steel (Ni, 36) Theie aie several bun- 
dled such alloys, each specifically adapted 
to some puipose Plahmte, containing iron 
and about 44 per cent of nickel, is used in 
clectiic light bulbs, and wheiever metal must 
be sealed in glass as lead-m wnes 

Nickel is also used extensively to electro- 
plate lion, copper, and othei metals The 
nickel coating is atti active because it can be 
highly polished, and it is resistant to coiio- 
sion Chromium plating has leplaced nickel 
plating to a considerable extent, but has not 
reduced the use of nickel mateiially m this 
lespcct, since an aiticle which is to be chro- 
mium plated IS usually plated fiist with 
nickel An active, finely divided nickel 
powder is produced by i educing the oxide 
with hydiogen below 300° This material is 
used as a catalyst in the hydrogenation of 
fats (page 588) and in the separation of 
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hydrogen from the carbon monoxide in water 
gas (page 111) 

27. Compounds of Nickel 

Nickel has a valence of positive 2 in almost 
all of its compounds It forms the monoxide, 
NiO, when it is heated in an This oxide and 
the hydioxidc, Ni(OH)2, aie basic The 
trioxide, NiOs, is produced by the action of 
strong oxidizing agents upon nickel salts in 
an alkaline solution The Edison stoiage 
battery uses electiodes of non and nickel 
tiioxide with a bath of sodium hydroxide in- 
stead of lead, lead dioxide, and sulfuuc acid, 
the active substances in the oidinaiy “lead” 
storage batteiy Nickel also foims the 
oxides N12O3 and N13O1 The dioxide has 
tecble acidic propeities and forms compounds 
called mckehtes, when fused with the car- 
lionates of ceitain metals The nickclous 
salts ate usually gieen or blue in color The 
most, familiar of these are NiCU 6 H2O, 
Ni(N03)2 6n20, NiSO^rii.O, and nickel 
ammonium sulfate, NiSOi (NIii)2S04 G H2O 
The last of these is used in the solution fi om 
which nickel is plated Nickel comi niu's with 
carbon monoxide at 50° 01 lowei to foim 
nickel carbonyl, Ni(CO)i Like non and 
cobalt, it foims many complex compounds 
Nickel sulfide lesembles cobalt sulfide 111 
behavioi The most widely used leageiit foi 
the detection of mckelous ion, Ni^, is a 
solution of dimethylglyoxime, 

CH, — C = N — OH 


CH, ~ G = N — OH 

Nickel loplaces the two hvchogeii atoms of 
the hydioxyl gioups of this siibstanci' and 
foims a led piecipilatc of a nickel salt of 
dimethylglyoxime 

THE PLATINUM FAMILY 

Ruthenium, ihodium, jiallatliuiii, osmmin, 
indium, and platinum aie known as the 
'platmwn metals, since they have very similai 
properties and are found naturally togethei 


Although there aie some likenesses between 
these metals and non, cobalt, and nickel, 
the difference m activity is very pronounced, 
the platinum metals being the most noble of 
the metals. 

28. Occurrence and Metallurgy 

These metals occur usually m the fiee 
state Platinum is found as nuggets 01 small 
grains in alluvial sands It is not puie but 
IS alloyed with the other platinum metals, 
with gold, and with other metals Platinum 
is found m the combined state m one muicial, 
the aisemdc, spci t ylile, PtAsj The most im- 
poitant deposits of platinum are m the Uial 
Mountains of Russia, in Colombia, and 111 
South Afiica Minor deposits occur in some 
of the we.slein pails ol the United States 
Canada pioduces platinum as a by-product 
ol the smelting of the iiicki'l oies of Gutario, 
and some is pioduced duniig the (‘lecLiolytic 
lefiiung of coppi'T, nickel, and gold The 
soiiicc ol the othci meiiibi'is of the family 
IS ciiide, native plaliniiin, w'lth which they 
are alloyed 

To sepal ate platinum lioin the other 
metals with wdiich it oeeiii.s, the native 010 is 
hist washed m iimning walei m bluices, 01 
it IS panned to ii'inove the sand and othei 
mateiials 111 ivliich the platinum paiticles 
aie iound The mi'lal is then tieated with 
aqua icgia which dissolve's the platinum, 
foiming ehloioplatinic acid, lEPtClo Some 
of the otlu'i metals also dissolve but osmium 
and indium, which are usually piesent m 
laigei amounts than the otheis, aie left, as an 
iiiidissolved alloy The plat mum is then 
pieciinlaled as aimnonuim chloroplatmate, 
(NUdjPlGlii, by adding aiiuiioniuiii chloride 
When tins iiieeipitati' is healed, it decoin- 
po.ses, and the plat mum is set fiee When 
made 111 this way the metal is spongy and 
lacks its usual biilhant liisli'i d'he massive, 
compact mi'tal is niadi' liy melting the 
spongy inatciial in an electric furnace. 

29. Platinum, Properties and Uses 

Platinum is a white metal Its density is 
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veiy (21 45 g per cc ), and. its melting coveied with finely divided vlahnum hlacli: 


point la i75r)° It if> bomewhat hardci than 
gold, but it eiui be diawn readily into wiic 
or haniiiK'rod inlo alieolK. In its finely di- 
vided htate it adsoiba gases leadily Its 
catalytic elTect upon leactions, such as the 
coinlnnation of hydrogen and oxygen, is un- 
doubtedly due to this propel ty Its use as a 
catalyst in tlui production of siilfuiic acid 
liy the contact piocc'ss and ni the oxidation 
of anunonia liy the Osiwald process will be 
iccalled troin eailim chapleis The led-hot 
metal is not attacked by oxygen, and it does 
not dissolve in the, simple acids, not even 
in hot mtiic acid Fiee chlounc reacts with 
it to foiin platinum tetiachloiide, PtCU 
It dissolves in aciua regia, lornung chloio- 
platnuc acid, Tld’tt'l,, When heated with 
lused alkali hydroxide's or nitiates, it is con- 
veited into iilatniati's, such as NajPtO) 
Because ol its lesistance to the ellects ol an 
and most leagents, and because of its high 
melting point, platinum is used in the manu- 
facture of crucibles, wiie, and toil tor many 
laboratoiy piiiposi's These must be used, 
of course', with due regaid toi the effect of 
fused alkalies, fiee chlorine, and metals, 
many of winch alloy with platmum. At ele- 
vated teinpeiatiiics thi' metal eoinbinos with 
phosphoius, sullui, caibon, and silicon 
Mixtui'es in winch mc'fals or these foui non- 
metals may b(‘ libel at ed by reduction should 
novel be heated in platmum ciucibles 

Platinum is used 111 dentistry and in the 
maniifactuie ol jeweliy, X-iay tubes, ciuci- 
bles and dishes lor laboialoiyiisc, andelec- 
tiical appaiatus It is also useful as a cata- 
lyst in many leactions Since the metal has 
the same cocdicicnt of expansion as glass, it is 
iisi'd wlu'ievei metal must be, sealed in glass, 
as, for example, m making the, electrodes in 
elec1,ric, lamps, X-iay tubes, neon signs, and 
electiical discliaige tubes of all kinds Cer- 
tain alloys have replaced it m some foims 
ot scientific apparatus, tantalum is also used 
foi similai pill poses An alloy of gold an 
palladium is used as a substitute foi plati- 
num in Cl ucibles A small sheet of platinum 


and saturated with hydiogen is used as the 
hydiogon clectiode in electiical colls The 
use of finely divided platinum or fine iviic 
in gas lightois depends upon the ability of 
the metal to adsorb oxygen and hydrogen 
or other combustible gases 

30 Compounds of Platinum 
The valence of platinum is always positive 
and may be 1, 2, 3, 4, oi 6 The only im- 
portant compounds of the metal are those 
in which its valence is 2 or 4 It forms an 
extiemely laige niimbei of complex com- 
pounds The tendency to foim platinates 
when heated with a mixture of an alkali hy- 
droxide and the nitiates of an alkali metal, 
or with othei stiong oxidizing agents, indi- 
cates a slight acid-formmg pioperty It 
foims two chloiides, PtCh and PtCU Both 
of these react with an excess of HCl to form 
complex acids, PtCU forming chloi oplatinous 
acid and PtCU foimmg chloroplaiinic acid 
Each of these acids foims a seiies of salts, 
e g KijPtCU and K^PtCU The chloioplati- 
nales aie the most important compounds of 
the metal 

31 Ruthenium 

Ruthenium is a gray, hard, brittle metal 
The valence of the metal in its compounds 
may be positive 2, 3, 4, 6, 7, oi 8 In its 
higher valence states the element acts m 
much the same manner as hexavalent and 
heptavalent manganese, toiming ruthenates, 
NaaRuOi, and peuuthcnaLes, NaRu04 The 
tetioxide. RiiOi, appears to be neither basic 
noi acidic In its lowci valences (2 and 3) 
ruthenium foims metallic salts, such as 
RuCU and RuCU The dioxide, RuOs is 
amphoteiic 

32. Osmium 

Osmium IS the heaviest of the metals (den- 
sity 22 48), and is hard enough to scratch 
glass It forms osmates (IV2OSO4) , chlorides 
and fluoi ides (OsCU, OsCU, OsF», and OsCU) , 
oxides OsO, OS2O3, OSO2, and OSO4, and 
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many complex compounds The tetroxide, 
OsOt, in which osmium apparently has a 
valence of 8, is volatile It is sometimes 
called osrmc acid, although it does not act 
as an acid It is a veiy active oxidizing 
agent and is used to harden and stain bio- 
logical materials. The octafluoride and oc- 
tachloride aic also volatile and resemble 
tiue salts very little Osmium tetrachloiide 
reacts with an excess of the chloride ion to 
form the complex ion, OsCh”. This ion is 
found in the chlorosmiates, e g K 20 sClc, 
which arc analogous to the chloroplatinatcs. 

33. Rhodium 

This metal is softer than osmium oi ru- 
thenium and melts at a lower tcmpeiatiue. 
It looks like aluminum, but of course is much 
moiG noble In its pimcipal compounds the 
element has a valence of 2 oi 4 Chlorine 
attacks the metal more readily than it does 
platinum, forming the tiichloride, RhCb 
Like the other metals of the family, rhodium 
forms many complex compounds 

34. Indium 

This metal is silvory-white and is some- 
what softei than osmium. It is sometimes 
used, in the form of an alloy with platinum 
or gold, to make crucibles and other labora- 
tory articles, which aie usually made of puic 
platinum Pen points are tipped with a very 
haid alloy of indium and osmium, called 
nidosrmne Iiidium is the most expensive 
of the platinum metals In its compounds 
iridium has a valence of 3 or 4. It forms the 
following representative compounds IiCU; 
I 12 O 3 , KjIiClo, I 1 O 2 , K 2 I 1 CI 0 ; and Na^IrOj 

35 Palladium 

This metal closely icscmblc's platinum It 
IS soft and malleable and molts at a lower 
tempeiatuie than any othci memboi of the 
family It has a pronounced tendency to 
adsorb many gases, especially hydrogen 
(page 112) The most abundant and least 
expensive of the six metals of the family, 
it IS used in dentistry, in the manufacture of 


scientific instruments and jewcliy, and as a 
catalyst In its compounds palladium has 
a valence of 2 or 4. It is more sti ongly basic 
than the others; it di.ssolvos in boiling iiitiic 
acid to form Pd(N03)2, while the others are 
insoluble Other typical compounds ari' 
KsPdCb, KaPdCl,,, PdO, and PdOa 

Review Exercises 

1 What are the principal 01 os of lion? In what 
other foims doe.s the element occur in natuie? 

2 Wute the equations foi the icactioiis I hat 
occur in the blast fuiiiace and indicate the 
portion of the furnace whole eacJi loactioii 
occurs 

3 What IS the advantage of height in the blast 
furnace? Why should the fiii naco be opeiatcd 
as neaily coiitiiiiiously as jiossible? 

4 What are the pioducts of the blast fin mice? 

5 Compare the piopeitics and composition of 
pig lion, wrought non, and steel 

0 Explain the fuiiiacc.s used and the leactions 
involved m the two pimcipal inoccsse.s foi 
making steel What aic the lelativo ad- 
vantages and disaih antagvs ol eaeli of these’^ 

7. What changes occui m the heat ticatment ot 
steels? What is case-haideiicd steel? 

8 Identify Venetian led, diiiii on, gieen vitiiol, 
cniciblc steel, malleable cast non, stellite, 
Puissian blue, cemcntilc, unai 

9 Why IS aluminum someliiiios used 111 the 
manufactiuc ot stcel'^ \Miat othei substances 
aie used foi the same pm pose? 

10 How would you deteiminc whethei or not 
thcio was any tenons , sulfate 111 a sample ol 
teuic sulfate‘s 

11 dummarizc tlie piopeitics of nickel and co- 
balt, compaimg them with (hose ol non 
Winch ol these elements icsenilih's non moic 
closely? btale one m two facts to sup])oit 
yom answei 

12 What aie the souiccs of nickel and cobalt'^ 
How aie tlicy used? 

13 What aie tlie souiccs of the metals of the 
platmuin family''’ How do those elements 
diffei fioni non, cobalt, and nicker'’ 

14 Name three chemical piopeities ol platinum 
Name two 01 thioc of its most impoitant 
compounds, 



the putimum family 
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TABLE! 


Vapor Pressure of Water at Different Temperatures 


Temporaluro 
(degreei C ) 

Vapor Pressure 
(mm of mercury) 

Temperoture 
(degrees C,) 

Vapor Pressure 
(nini. of mercury) 

Tempercjfure 
(degrees C) 

Vapor Pressure 
(mm of mercury) 

0 

4.58 

22 

19 83 

40 

55 32 

5 

6 54 

23 

21 07 

45 

71 88 

10 

9 21 

24 

22 38 

50 

92 51 

1 1 

9 84 

25 

23 76 

55 

118 04 

12 

10 52 

26 

25 21 

60 

14938 

13 

1 1 23 

27 

26 74 

65 

187.54 

14 

1 1 99 

28 

28 35 

70 

233 70 

15 

12 79 

29 

30 04 

75 

289 10 

16 

13 63 

30 

31 82 

80 

355 10 

17 

14 53 

31 

33 70 

85 

433 60 

18 

15.48 

32 

35 66 

90 

525 76 

19 

16 48 

33 

37 73 

95 

633 90 

20 

17 54 

34 

39 90 

100 

760 

21 

18 65 

35 

42 18 










Compound 


Aluminum hydroxide, AHOHIj 
A rsenic tnsulflde, As^Si 
Antimony tnsulflde, SbjSi 
Barium carbonate, BoCOr 
Barium chromate, BoCrOi 
Barium oxalate, BaCaOi 
Barium sulfate, BaSOi 
Bismuth sulfide, BijSi 
Cadmium sulfide, CdS 
Calcium carbonate, CaCOj 
Calcium chromate, CoCrOi 
Calcium oxolato, CoCjOi 
Calcium sulfate, CaSOi 
Cobalt sulfide, CoS 
Cupric sulfide, CuS 
Ferric hydroxide, Fe(OH)i 


TABLE II 
Solubility Products’*' 


Solubility 

(Product) 

Compound 

Solubility 

(Product) 

1 X 10-« 

Ferrous sulfide, FeS 

4 X 1 0-“ 

4X 10 

Lead chloride, PbClr 

1 X 1 o-i 

3X 10-“ 

Lead chromate, PbCrOj 

2 X 1 0-i> 

8X 10-' 

Lead sulfate, PbSOi 

1 X 1 0-s 

2 X 10-‘" 

Lead sulfide, PbS 

3 X 1 0-® 

2X 10-' 

Magnesium hydroxide, MglOHls 

1 X lO-*! 

I X io-'» 

Manganese sulfide, MnS 

2 X 1 0-« 

5X lO-f 

Mercuric sulfide, HgS 

4 X 1 0-6“ 

4X 10-** 

Nickel sulfide, NiS 

2X 10-“ 

1 X io-» 

Silver chloride, AgCI 

1 X 10-“ 

2X 10-** 

Sliver sulfide, AgjS 

2X 10-^ 

2X 10-*> 

Strontium carbonate, SrCOs 

1 X 10 6 

6X 10-6 

Strontium chromate, SrCr 04 

3 X 10-6 

3 X 10-*» 

Strontium oxalate, SrCsOi 

6 X 10 * 

9X I0-'6 

Strontium sulfate, SrSOi 

3X10’ 

1 X 10-66 

Zinc sulfide, ZnS 

1X10-*“ 


, , 11 . > t l-io nTmlipd only to the aatuiatod solutions of slightly soluble sub- 

" I ho Iiiuii iplo of till' siiluliiliU anliihditv uioduct can he caloulatod fiom the solubilitj expressed 

slaneea 1 oi aufli auliHUinees, ho value of of slightly soluble substances me very dilute, 

aa giiuii-inoleiulai wiights pei lltoi > nice th Debve-Huckcl theory, of course, regards thorn aa actualli 

wo may aHHume that they am complctelv °;^^®/™alculatod fo. 18«-20“ 

100 per rent loniteil The solubility pioducta in this table have been caicii a 
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Acid, 

oxalic, 587, 603 
paltniW, 587 
IierchlorLc, 371 
pci'chromio, 725 
peuodic, 372 
pcrmaiiKauio, 730 
peiBulfiinc, 506 
phosphuiio, 517 
phosphoioua, 517 
phospho-tunRstic, 725 
phthala , 015 
picric, 487 
polysilicio, 534 
polythionic, 506 
piopionic, 587 
piuasic, 489 
pyrolisneoua, 292 
liyrosulfunc, 499, 506 
salicylic, 534 
silicic, 533 
steal ic, 687 
siilfuTK , 499 
sulfiii'oiis, 498 
tailanc, 587 
tliioarsenic, 523 
tliioaisenious, 523 
thiostaniiic, 711 
thiosulfuTio, 506 
tiibasic, 305, 439 
tiinRstic, 726 
valene, 687 
vanaclic, 721 
Acids, 70, 156 
Broiisted’.? theory, 436, 454 
condensed, 534 
defined, 434 

monopiotic, dipiotic, and tnprotir, 440 

names, 160 

piopcrties, 157 

reactions with bases, 435 

leactions with raetais, 106 

reactions with solvent, 155 

stiengths, 437 

Acids and bases, neutralization, 450 

table of appaient peicentagcs of ionization, 437 
titration, 451 
Acryloid losins, 615 
Acryloiiilrile, 611 

Aclinium family of radioactive elements, 252 
Aclivated alumina, 701 
Activation, 420, 628 
Activity, 442 
coellii lent, 443 
Activity series of metals, 107 
Adrenalin, 620 

Adsoiption, 112, 292, 422, 555 
Agate, 530 
Air, analysis, 320 
liumiditv, 318 
liquefaction, 66, 320 
mixture not compound, 315 
production of oxygen fiom, 65 
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INDEX 


Alabaster, 662 
Alljutnen, 604 
Alcohols, 581-584 
absolute ethyl, 584 
butyl, 682 
denatmed, 584 
ethyl, 301, 681, 583 
isomers, 582 
lauryl, 502 

methyl, 110, 681, 583 
moiiobychic and dihydric, 582 
primary, seeondaiy, and teitiary, 582 
propyl, 5S2 
solid, 555 
wood, 583 
Alchemy, 20 
Alolad, 698 
Aldohol, 584 
Aldehydes, 585 
Alkali metals, 375-396 
general propel ties, 376 
identification and separation, 395 
Alkaline earth metals, 653-670 
AlLahue solution, 158 
Alkaloids, 618, 619 
Alkyd reams, 615 
Alkylation, 568 
Allolropii torma, 238 
Alloys, 646 
low rapltiug, 527 
properties, ()48 
steels, 741 
stiueture, 648 
Alpha rays, 247, 248 
Alum, 703 

feme ammonium, 744 
potassium chiome, 724 
Alumina, 701 
Aluminum, 692-705 
chloiide, 702 
hydrous oxide, 701 
hydroxide, 022, 701 
metallurgy, 697 
ores, 696 
oxide, 701 
pi odu( tion, 697 
properties, 698 
refining, 098 
sih( ates, 703 
sulfate, 703 
sulfide, 701 
uses, 698 
Alundum, 702 
Alumte, 300 
Amalgam, 475, 691 
Amalgamation, 684 
Ambeigns, 020 
Amblygomte, 391 
Amerieium, 283 
Amethyst, 530, 532 
Amulo radical, 475 
Ammonia, 116,430, 170-477 
<'om]ilox ions, 675 
( vanamide pi oeoss, 173 
fiom coal, 471 
Ilabei proi ess, 471 
oxidation to nitrii and, 182 
production, 470-474 
properties, 474 
synthetic, 471 
uses, 475 
Ammoniates, 475 


Ammonium, 470 
amalgam, 475 
( omiiouuds, 476 
cyanate, 480, 658 
hydroxide, 474 
magnesium phosphate, 007 
molybdate, 720 
phospho-molybdale, 720 
polysiilfulc, 497 
sullocyanato, J80 
AmmonoIyHia, 693 
Amiieie, 629 

Amphipiotn aubstaiiees, 157 
Am])hotoric hydroxides, 1 57, 70 1 
Arnydalin, 489 
Amy! ai etate, 588 
Amylojiain, 601 
Angleaite, 712 

Anhydrides, ai ids and bases, 158 

Anhydiile, 062 

Aniline, 694 

Anode, 328 

Anode mud, 677 

Anthrat'ene, .572 

Anthracite coal, 289 

Anti-hioties, 619 

Anti-freo/e, 582 

Anti-kuock, lilting of gasoline, 506 
Antimonv, 523 52") 

Aiitiseptii s, 335, 3 12, 367 
Ajiatite, 512 
A<iua 1 egia, 185 
Aifvodsnn, 304 
Aigcntite, 677 
Argon, 208, 322, 324 
Argyiol, 680 
'ViislotU', 33 

Aromatic hydroeiirhoiiH, 572, 503 
Arrhcmiis’s theory of lom/ulioii, 398 
moihhc at ions, 412 
Arsenic , .">19-523 
aeicls, 622 
aisme, 521 
eolloidiil sulfide, ,548 
eompouncls, 521-523 
Marsh’s teat, 521 
oecunciice, 520 
oxides, 521, .522 
jjrocluc turn, 520 
prnyierlies, ,520 
sulficles, 523 

tliin-acicla and salta, 523 
uses, .521 

Araenopynte, 520 
Asheatos, 537 
Aaimin, 595 
Astatine, 279 
Aston, 27() 

A (ill nine, (>!8 
Airnospheie, 314-324 
< omiioail ion, 31 1 
meit gnaea, 321 
incHsuie, 89 
Atom, 32, 122 

' ‘ 18,51-53,26 

262 

changes in concept, 35 
composition of iiucleus, 261 
definition, 31 
energy levels, 53-54 
mass, 50 
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Atom, 

nui'lc'ar lllP()r^ , 2(')3 
iiui'lcius, .">(), 27 1 2S1 
radius, 271 
filrui lore, 49-59, 251 
Atomic niinilici, 50, 2(i5 
Atomic nil 111, 271 
Atomic tlicoiv, lid-l.'l 
Atomic ivoiKlit, _i;5, 129 i:i7 
call uliilioM, 15 
use and value. 111 
Atroimm, 019 
ViihIciuLc, 7 10 

AvoRiidro’n mnnlict, 127, 200 
AvoKiidio'H piini i|ilc, 121 
A'/olc, 4(i.l 

BaOliill mcliil, 521, (i,S,S 
Biicycr, (i2l 
Bakchlc, 5.S5, (ill 
BaluiiK pinidcr, .'107, llHl 
Bakiiip; Hilda, liSl 
Balaiii c, clicrnii id, 10 
BallooiiH, 1 1 5 
Banana ml, 5SH 
Baiitc, 191 
Barium, (i5 1-050 
( (impiiundH, fills 

si'iianiliim and idcniilicaliim, 070 
Barornclci , .SS 
Bases, 70, 150 
ilclincd, 1115 

miiimai id, diaild,and triai id, 110 
names, 100 
propel ties, I5S 
HlreiiKtlis, 4.17 
IlaiiMte, liOli 
Becquerel, 2 1 1 
Beeswax. Oil 
Bonzaldelivde, 59 1 
Beii/eiie, 571 
formula, 503 

Berniiis prill ess, 1 17, 5(1.S 
Bc'nl, 5,'ll, (i51 
Beryllium, li51 
I iimpiiimds, 0(57 
prinierl les, 05(i 
uses, (i5(i 

Bessemer iiimess, 737 
Bela rai s, 2 17, 2 19 
Belts pi III CHS, 713 
Bisimilli, .525 .5'27 
liismnllimc, 520 
ciimpmmils, .520 
BiHimilheiiile, 525 
Biliimiiiinm i iial, 2S9 
Blast fiirnai e, 73,1 
Blnsl funiai c (jas, 570 
Blcachmi^, HI, 2,1 1, 307 
]iaper, lill.'i 

llleaclimi!: pnwilci, 3.10, lO.S 
Ului'iii mis, 7 I I 
Bolii Iheiii \ , 2(i(i 
Ikiilmir, 172 
BoiliuK pcimt , 11, 172 
effci t Ilf clei troU les, 102 
Ilf HidutuiiiH, 209 
Bomb caUiiimeler, 02.5 
Bonds, fai liirs ilelcrmmmg kind, 272 
diiulile, ,509 
hydrogen, 210 
triple, 570 


Bone black, 293 
Borax, 639, 541 
bead, 541 

Bordeaux mixtme, 67G 
Boion, 539-641 
compounds, 540 
Boyle, 21, 512 
Boyle’s law, 89, 97 
Biagg, 239 
Bland, 572 
Brass, 674 
Braunrte, 728 
Biedig are process, 548 
Brimstone, 491 
Britannia metal, 524 
Biitiah thermal unit, 626 
Bromine, 337-340 
oxides, 364, 371 
o\y-aoids, 371 
Broinoaoetoiie, 340 

Bronsted’s theory of acids and bases, 436 454 

Bronze, 643, 674 

Brownian movement, 549 

Buffers, 456, 519 

Bullion, 712 

Buna N, 611 

Buna S, 610 

Bunsen, 394 

Burette, 452 

Butadiene, 568, 610 

Butane, 560 

Butter, 588 

Butylene, 568 

Butyl rubber. Oil 

By-product coke, 291 

Cadmium, 690 
Calamine, 686 
Caloite, 659 
Calcium, 654-655 
arsenate, 522 
bicarbonate, 660 
bisulfite, 499, 662 
carbide, 311, 473, 570 
carbonate, 301, 459, 659 
cliloiide, 660 
compounds, 657 
cyanamide, 312, 468, 473 
hydroxide, 659 
oxide, 304, 657 
sulfate, 662 
sulfite, 662 
Calomel, 692 
electrode, 633 
Caloric, 14 

Calories, diet requirement, 607 
Calorific value, foods, 606 
coal, 290 

measurement, 625 
Calorimeter, 625 
Ciuie sugar, 599 
Canni/zaro, 122 
Caoutchoui , 577 
Caramel, 599 
Carbaloy, 727, 745 
Carbohydrates, 597-604 
Carbon, 285-295 
dioxide, 300 
disulfide, 307 
forms, 286-294 
m steel, 740 
monoxide, 297 
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Carbon, 
properties, 294 
tetraeliloiicle, 308 
Carbonado, 287 
Carbon black, 293, 577 
Carbon dioxide, 300 
atmospheric, 310 
dry ice, 302 
Carbonization, 289 
Carbonyls, 299, 745, 746 
Carboiundum, 310 
Carboxyl radical, 586 
Carnallite, 389, 667 
Carnelian, 630 
Carnotite, 727 
Carotene, 606 
Cartel process, 717 
Casein, 604, 612 
Casing head gasoline, 565 
Cassitente, 708 
Cast iron, 735 
Castner cell, 378 
Castner-Kellner cell, 335 
Catalysis, 81, 420 
Catalyst, 420 
carrier, 421 
contact, 421 
Cathode, 328 
Cathode rays, 258 
Cathode ray'tube, 258 
Caustic soda, 385 
Cavendish, 106, 322 
Cellophane, 610 
Celluloid, 602, 611 
Cellulose, 485, 584, 598, 6C2 
acetate, 587, 616 
nitrate, 485, 688, 602 
Cement, 664 
Keene's, 662 
Portland, 664 
Sorel, 667 

Cementite, 736, 740 
Centigrade scale, 1 1 
Centimeter, 1 1 
Ceramics, 537, 703 
Cerargyiite, 677 
Cerium, 706 
Cerussite, 712 
Cesium, 394 
Cham reaction, 2,01 
Chalcedony, 530 
Chalcocite, 672 
Chaloopvrite, 672 
Chalk, 659 

Change, chemical and physual, 16 
Charcoal, 292 

Charge, clcctiical, electron’s, 2.59 
Chailes’s law, 92, 98 
Chemical chnive, 16, 27 
Chemical equilibrium, 41S~1C1 
Chemical propoities, 15 
Chemistiy, 2 
definition, 2 
subdivisions, 7 
utility, 2 

Chile saltpeter, 404 
Chmaware, 704 
Chlorine, 326-336 
bleaching, 334 
dioxide, 365 
heptoxide, 365 
history, 326 


CMorine, 
hydrate, 331 
occurrence, 327 
oxides, 364 

oxygen ai ids, 332, 305 
])roduction, 327 
])iopertics, 331 

reaction with hydrocai lions, 333 
rcac tion with hydrogen, 333 
leaition with metals, 332 
reaition with water, 334 
tests, 335 
uses, 335 
water, 331, 334 
water pnrifaeation, 179 
Chlorine jirocess, 68 1 
Chloiobenzene, 593 
Chlorofoim, 501 
Chloropicrm, 336 
Chrome gieon, 723 
Chromel, 722 
Ghiomitc, 721 
Clnomnim, 721-726 
chromates, 721 
compounds, 723 
metalliugy, 721 
oics, 721 
piopoilies, 722 
uses, 722 

Chiomophoie giiiups, 621 

Cider, 580 

Cinnabai, 491 

Clay, 310, 703 

Clotli, 015 

Clouils, 318 

Coal, 289 

ammonia fioin, 471 
( ()m])osiLion, 290 
desliui live distillation, 571 
hydrogonation, 117, 508 
Coal gas, 575 
Coal tin , 572, 575, ,593 
Cobalt, 745 
Cobaltitc, 74 5 
Cocaine, 010 
Coke, 290 

petioleiim, 56? 

Colemiuntc, 539 

Colloidal dispei.sions, 191, ,515-5,50 
Biowninn movement, 5 !'.) 
classes, ,5 Hi 
coloi, 510 
dialysis, 551 

effei t of elci liolytes, ,5,50 
elet trie 111 tliatge, ,519 
emulsions, 5,53 

liydi o])lnlic nnd hvdi n]ilKibii , 5 17 
lyophilic and Ivoiiliobu , 517 
pi odiK 1 11 ) 11 , 5 i,S 
jiiopeific.s, 5 17 
piolcctive, ,553 
ipvcibiblc, ,5 17 
Tyndall cll'ci 1 , 5 “4 
Collodion, ()()2 
Col logon, 005 
Colloidal mill, ,548 
Colimilmim, 721 
Combination, 27 

Combining pioportions, laws of, 4 
Combining weights of elements, 2 
Combustion, 02, 75 70, 78, 297 
gases, 572 
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Combustion, 
heat of, 151 
spontaiu'ouH, 79 
Common um offect, '155 
Complex ions, ammonia, 475 
Comiiositiou ])ei('enlaK( , 141 
Compound, 19, 25 
addition, 354 
classification, 153 192 
coal tar, 593 

comiiarcd with inixtiiic.s, 25-27 

covalent, M5, 15,1, 272 

formation, 53 

formulas, 4(1, 139 

heat of fouiiatioii, (i2.S 

iiiorKaiiic and organic, Uil 

intoimcdialc, 121 

lomc, 5(i ,57, 153, 21 1, 272 

mctallK I (149 

mold ulai , 57 

name,s, 23 

orgium , 5,58 

pcicciitagc com]iosilion, 141 
jiolar and uon-iiolai, 153 
Coriceidiatioii, 202 

effccl of cliangcH u|)on cquililu mm, 428 
effect ipioii tcaclion Kpecd, 81, 122 
aolulioiiH, 202 
Concciitialioii cells, (i3fi 
Condensation, \\alci \apoi, 318 
Condensed acids, .53 1 
CrmservalKui of eiiergv, 1 1 
mass, 3(i 
CoiiHluiilaii, 7 17 
Conslaiit lioiling solution, 19(1 
Corilacl sulfinn ai id pioccss, ,500, ,502 
Co-ordmale lovalenii', 1 l(i 
Cn-mdinalion nunilici, M(i 
Co-iKilvinci , (i09 
Coiiper, (i72 (17(1 
complex aniinonia ion, (175 
cvaiiidi's, (17(i 
molallin gv, ()(12 
OIOS, (i73 
propel (irs, (i73 
u'fiiung, (i73 
tests, 07(1 
uses, ()7.1 
Cm II sugai , .598 
Corn HViuji, 598 
Coriosioii, 712 
Corrosive Huliliniaic, (i93 
Conmdiini, (i97, 702 
Colton, (10 1, (il.5 
CoKicIl jiici ipilntion, 5,51 
Coulmnl), (129 

Covalciu c, ,57, 1 15, 1.53, 272 
co-oi diiinl c, I l(i 
Covalent compounds, 57 
Clacking, pell olcinii, 5(1 1 
Cl cam ol (ailiii, 381, 392, .5117 
Orislohalitc, ,533 
Ciilical tcni|icra(uic, 1('2 
Oiocoilc, 721 
Cnioilile slc(4, 739 
Cryolite, 3 12, (i9(i 
Crystal lattice, 210 
body 1 ciitcicd, 2 ' 1 
face c ciitcicd, 211 
liexagonal, 241 
sodium chloride, 2 '2 
Cryslalli/.ation, frailioiial, 197 


Crystalloids, 546 
Crystals, atomic, 240 
diamond and graphite, 288 
lomo, 240 
metals, 240, 641 
molecules, 240 
systems, 237 
Crystal structures, 237 
classification, 240 

determination from X-ray spectra, 238 
Cupellation, 678 , 

Cupola furnace, 735 
Cupric, oxide, 674 
sulfate, 675 
sulfide, 676 
Cuprite, 672 
Cuprous, cliloride, 675 
oxide, 674 
sulfide, 675 
Cuiie, 245 
Cm mm, 283 

Cyanamide process, 473, 684 
Cyanides, 489 
Cyanogen, 488 
Cyclotron, 280 


Daguerreotypes, 681 
Dakin’s solution, 335 
Dalton’s atomic theory, 34 
evidence supporting, 36 
Dalton’s law, 94, 98 
Daniell cell, 635 
Davy, 326, 389 
DDT, 619 
Deacon process, 327 
Deliye-IIuckel theory, 413 
Decomposition, 27 
Decomposition voltage, 407 
Definite proportions, law of, 37 
Deliquescence, 185 
Demociitns, 33 
Density, 12 
gases, 12 

Deoxidueis, steel, 737 
Destructive distillation, coal, 290 
wood, 292 

Detergents, 590-593 
Deuteiiiim, 114 
oxide, 115, 168 
Developed dyes, 622 
Developcis, photography, 682 
Deville’s process, 696 
Dew, 318 
Dewar flask, 321 
Dextrimaltose, 600 
Dextrin, 601 
Dextiose, 597 
Diabetes mcllitus, 598 
Diamond, 286 

ciystal stiuctuie, 288 
Diastase, 600 
Diatomaceous eaith, 533 
Dichloiodiothyl sulfide, 336 
Dichloiodiphenvltrn hloromethane, 619 
Dieleitiic constant, 214 
Diet, 607 
Diethyl ether, 584 
Diffusion, 283 
gases, 87, 95 
solutions, 199 

Dilluorodichloromethane, 344 
Di-iodohydroxylpropane, 342 
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Dilution, 

effect upon oonduotanoe, 411 
effect upon ionization, 412 
infinite, 411 
Dimethylglyoxime, 748 
Diphenylohloroarsine, 336 
Dipoles, molecular, 153 
Direct dyes, 622 
Dispersion, colloidal, 545 
Distillation, water, 178 
Distribution law, 200 
Doberemor’s triads, 218 
Dolomite, 654 
Double bond, 569 
Double decomposition, 28, 399 
Double salts, 703 
Dow metal, 656 
Down’s cell, 378 
Dreft, 592 
Dry cell, 636 
Dryers, paint, 717 
Dry ice, 302 

Dulong and Petit’s lule, 129 
Duralumin, 656, 700 
Duriron, 631 
Dust, precipitation, 551 
Dyeing, 620 
Dyes, 620 

classification, 622 

Earth, composition, 23 
Earths, alkaline, 653 
Ebonite, 577 

Edison storage battery, 639 
Efflorescence, 184 
Einstein’s equation, 278 
Elasticity of molecules, 100 
Elastomers, 609 
Electrical conductivity, 409 
equivalent, 410 
specific, 410 
Electrical power, 629 
Electric lamp filaments, 603 
Electric refrigerator, 476 
Electioohemical cells, 628, 635 
polarization, 637 

Electrochemical senes, 107, 633, 634 
Electrode, calomel, 633 
hydrogen, 446, 632 
Electrode potentials, 632, 634 
Electrolysis, 66, 1 10, 105 
Earaefay’s laws, 406 
production of fluorine, 328 
refining of mef.als, 845 
sodium chloride, 328 
Electrolytes, 

apparent percentage of lomzalioii, 437 
Debye-Huckel theory, 413 
effect on colloidal dispersions, 550 
effect upon solvent, 401-403 
mterionic attraction theory, 413 
lonie equilibria, 442 
molec ular weights, 403 
non-electrolytes, 154, 397 
reactions, 156, 399 
solutions, 397—415 
strong, 442 
weak, 415 

Electromagnetic unit, 259 
Electromotive force, 629 
Electrons, 49, 258 
arrangement in atom, 265, 269 


Electrons, 

charge, 259, 260 
mass, 259 

methods of liberation, 261 
photo, 261 

sharing by atoms, 57 
valence, 58 
Electroplating, 638 
Electroscope, 244 
Electrotyping, 674 
Elements, 20 
abiindaiuG, 23 
allotropic forms, 82 
atomic number, 50, 235 
atomic weight, 129- 137 
changes in concept, 21 
classification, 218-228 
combining lapacitv, 133 
diatomic molecules, 123 
electrode potentials, 632 
equivalent weight, l31 
lamilies, 224 

ionization potentials, 270 
isotopes, 51, 277 
mass numbei, 50 
Mondelcell’s classification, 219 
metals and non-metals, 24 
moleriiles, 122 
radinai tivc, 21, 244, 250 
speeifir heats of solid, 129 
symbols, 23, 46, 139 
tracer, 280 
tiansitional, 272 
transmutation, 20 
transiuanium, 283 
valence, 133 

valence numbers, 134, 225 
weights, combining, 28 
X-iay s])ectrft, 234 
Emory, 697, 702 
Emulsifying agent, 553 
Emulsions, 653 
Einulsoids, 547 
End point, 451 
Energy, 13 

a* tivatioii, 628 
atomic levels, 53, 54, 266 
(liaiiges in rcaitioiis, 151, 624 
chemical, 13, 26 
conservation, 1 1 
coiiveision, 13 
electiiial, 629 

equivalence to mass, 36, 278 
kinds, 13 
kinetic, 13 
potential, 13 
uiiiN, 14 
ICnzymcs, 584 
E|)mephi me, 620 
I'lpsom salts, 667 
Equations, 46, 68, 1 17-149 
balaiieiiig, 147, 356, Kiti 
loii-elei tioii mediod of biilaiiiing, 360 
oxidation and icdm tion, 35(1 
thermochcmii al, 626 
weight relations of reactants, 149 
Equilibrium, 

chemical, 418-430 
effect of coiieeiitiation, 428 
effect of piessurc, 430 
offeit of temperature, 431 
lomo, 434-460 
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Etiuilibnum, 
hquid and vapor, 109 
metal and ite ions, O.'il 
aolute and solution, 204 
Equilibrium constant, 425 
Equivalent weight, 131 
Ergosterol, 606 
Esters, 587 
Ethane, 560 


Ethers, 584 
Ethyl acetate, 588 
Ethyl alcohol, 570, 581, 583 
Ethylene, 569 
Ethylene glycol, 582 
Ethyl gasolino, 5()t), 717 
Ethyl nitrate, 588 
Eutectic mixtures, 210, 617 
Evaporation, 169 


Eahreiiheit scale, 11 
Faiaday, 397 
Eats, 588 

hyilrogenation, 116, 588 
raiKidity, 588 
Baponihiation, 589 
Eehhng’s soliilion, 598, 674 
Feldsiiar, 316, 388, 703 
Eermentation, acid, 600 
alcoholic, 301 , 583 
Ferric chloride, 7 1 1 
ferrocyaiiulo, 74 1 
liydratod oxidi', 5 18 
hydioxide, 518, 713 
oxide, 713 
sulfate, 711 
Ferrite, 740 
Ferrochronie, 722 
Ferromanganese, 728 
Ferrosihcou, 531 
Ferrotitaniuni, 511 
Ferrous, ammonnini sulfate, 713 
chloride, 7 13 
ferricyanide, 7 1 1 
hydioMile, 712 
oxide, 7 12 
sulfate, 743 
sulfide, 743 
Ferrovaiiadiuin, 720 
Ferroziroonnim, 542 

Fertilizers, 392-394, 4(i8— 169, 471, 512, 518 
Fibers, 015 
Fibrinogen, 005 
Filtrate, 28 
Idltration, 28 
ultra, 551 

water HUi)|iheH, 178 
File bride, 70 1 
F'lre (lamp, 561 
Fire extinguisher, 30(i 
F’lschor-'l'ropsch process, 508 
lOssion, atomic nucleus, 281 
Flames, 79, 572 

atomii hydrogen. 111 
color, 80, 573 

oxidizing and reducing, 574 
striking liack, 575 
structure, 573 
Flavors, 588 
Flint, 530 
Flotation, 555, 644 
Flowers of sulfur, 492 
Fluorapatite, 342 


Fluorescence, 342 
Fluorine, 342-344 
oxygen compounds, 364 
Fluorspar, 312, 654 
Flux, 645 
Fog, 318 
Fog tracks, 248 
Pood, 606 

calorific value, 606-607 
lunclions, 606 

Formaldehyde, 116, 586, 611 
Formalin, 585 
Formation, heat of, 151 
Formulas, 4b, 139 
derivation, 110 
simplest and actual, 141 
structural, 559 
Foimula weight, 140 
Fractional crystallization, 197, 393 
Fractional distillation, 195 
petroleum, 563 
Franklinite, 686 
Prasch sulfur well, 492 
F'raunhofer lines, 233 
Free energy, 627, 629 
measurement, 629 
Freezing mixtures, 209 
Freezing point, 11, 174 
effect of solute, 209, 402 
water, 11 
Fructose, 698 
Flint sugar, 597 
Fuller’s earth, 663, 705 
Fusel oil, 584 
Fusions, 649 

Galena, 491, 712 
Gallium, 705 
Galvanized iron, 688 
Gamma rays, 247, 250 
Gangue, 645 
Garnet, 697 
Garmente, 746 
Gas, blast furnace, 298, 576 
coal, 80, 575 
flames, 572 

illuminating and fuel, 572 
mantles, 574^ 
mu&taid, 336 
iiatiual, 561 
jiroducer, 298, 576 
snooze, 336 
vvatei, 111, 298, 576 
Gas cailion, 293 
Gases, 12, 86- 102 

compared to liquids and solids, 86 
density, 12, 87 
dilTusion, 87, 95, 99 
elasticity of molecules, 100 
liquefaction, 101 
paitial piessuro, 94 
poisonous war, 336 
pressure, 88 

solubility in liquids, 194, 205, 215 
volumes of reacting, 120 
Gas laws, 86-102 
derivations, 100 
Gas masks, 292 
Gasoline, 564 
alkylation, 568 
anti-knook, 565 
anti-knock rating, 566 
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Gasoline, 
easing head, 566 
(from) coal, 568 
cracking, 564 
octane number, 560 
polymerized, 566 
reforming, 667 
Gay-Lussac’s law, 92 

Gay-Lussac’s law of i omliining volumes, 120 
Gel, 545, 654 
silica, 535 
Gelatin, 553 
dynamite, 655 
Gems, artificial, 702 
Germanium, 225, 717 
German silver, 688, 747 
Glass, 535 
annealed, 536 
color, 536 
composition, 537 
etching, 344, 351 
hard and soft, 537 
Jena, 536 
plate, 536 
Pyrex, 536 
safety, 537 
soda, 537 
spun, 537 
Glauber’s salt, 387 
Glucose, 597 
Glue, 605 
Gluten, 604 
Glycerine, 486, 582 
Glyceryl esters, 588 
nitrate, 485, 688 
Glyome, 604 
Glycogen, 601 
Glycol, 582 
Glyptal resins, 615 
Gold, 336 
carat, 684 
compounds, 685 
metallurgy and mining, 683 
ores, 083 
properties, 684 
purity, 684 
refining, 684 

Goldschmidt process, 645 
Graham’s law, 66 
derivation of equation, 99 
Gram, 12 

Gram atomic weight, 43 
Gram centimeter, 14 
Gram molecular weight, 44, 125 
Gram molecular volume, 125 
Granite, 530 
Graplnte, 287 
crystal structure, 288 
in steel, 740 
uranium pile, 282 
Gravity cell, 635 
Gray east iron, 735 
Greek philosophy, 20 
Greenoclate, 690 
Guldberg and Waage, 422 
Gum arable, 553 
Gun cotton, 485, 682 
Gunpowder, 393 
Gypsum, 491, 662, 654 

Haber process, 471 
Hafnium, 642 


Halides, hydrogen, 344 
properties, 351 
test for ions, 350 
Hall’s piooess, 697 
Halogens, 326-353 
hy^'ogeii compounds, 344 
peiiodio lelations, 350 
pioperties, 353 
Hardness of water, 663 
Hartehoin, 470 
Haiismamiito, 728 
Heat, 14 

(of) combustion, 151 
(of) formation, 151, 620, 628 
(of) fusion, 168 
(of) neutraliz.ation, 404 
(of) reaction, 625 
tieatment of steel, 740 
Heavy water, 168 
Helium, 268, 322 
Hematite, 732 
Hemoglobin, 300, 604, 605 
Henry’s law, 194 
High polymers, 609 
High test hypochlorite, 360 
Homogeneous and noii'homogciicous nmtorinls. 
Homologous senes, 569 
Honey, 598, 000 
Hoolamitc, 300 
Hopcalitc, 300 
Hormones, 620 
Horsepower, 629 
Humiditv, atmospheric, 317 
relative, 318 
Hydrates, 181, 547 
clHorcsi enee, 184 
livdiolysis, 455 
stuietiiic, 181 
vapor piessiiie, 184 
Hydrazine, 477 
Hydiides of ini'fals, 113 
Hydi oearl ions, 558-578 
aromalH, ,572, 593 
benzene scrios, 571 
deiivativos, 581-59.5 
homologous senes, 5.59 
isomers, .560 

normal luid iso-com]iounds, 500 
reaelions ivith cliloiiiip, 333, 501 
saturated, 559 
senes, 5.59 
unsaturated, 509 

Hydimhlone and, 333, 34,5, 348-3.50 
oxidation, 328 
Ilydiogen, 105-117 
atomic, 1 1 1 

atomic energy levels, 207 
atomic vreiglit, 45 
bonds, 210 
biomidc, 340, 350 
chloride, 333, 3 15, 3 18-350 
eleetioile, 415, 032 
fluoride, 345, 3,50, 3.51 
halides, 344 
heavy, 114 
history, 105 

hydration of ion, 155, 334 
iodide, 346, 350 
ion, 156, 334, 460 
Isotopes, 114 
occurrence, 105 
production, 106-112 
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Hydrogen, 

proijertiea, 112-116 
silicon compounds, 631 
spectium, 206 
uses, 115 

Hydiogonalion, coal, 117, 568 
fats, 113, 588 
petroleum, 557 

unsatiirated compounds, 113, 116 
Hydrogen peroxide, 185, 526 
Hydrogen suHide, 495—197 
Tirecipitalion of metals, 450, 497 
Ilydiolysia, 181, 383, 4,53, 516 
extent, 451 
hydrates, 455 
phosiihoius halides, 347 
staieh, 597 

Hydroiiium loii, 155, 334 
Hydiosol, 545 

Hydrous oxide, 159, 089, 701 
Ilydioxidea, 156 
amphoteiio, 157 
Hydioxylamine, 477 
Hypo, 387 
Hypothesis, 4 


leo, 168 

manufactuic, 476 
vapoi pressure, 173 
lee eioam, 553 
I( eland spai , 650 
Ilium, 722 
Ilmciiite, 511 

IiKlicatora, 70, 157, 440, 621 
ehmeo in tiUatiun, 452 
list, 447 
theory, 440 

use in incasuiing pll, 445 
Indigo, 521 
IiKluim, 705, 750 
Inert gases, 25, 314 
structures, 258 
Inertia, 9 
Ink, 743 
Insulin, 520 

Intcrioiiie attradion theoiy, 413 

Inuhn, 599 

Invai, 747 

Inveit sugar, 599 

Invoitase, 584, 600 

Iodine, 340-342 

(ompoimda, 341, 354, 372 
oxides, 304, 372 
oxygon acids, 372 
tincture, 342 
tn-iodidc 1011 , 342 
lodi/.ed salt, 340 

lodoUiyiiM, 340 , , , „„„ 

Ton-election method of balancing equations, 350 
Ionic comiioiinds, 55-57 
forrnula weights, 141 
Ionium, 251 

loni/atioii, Airheuiiis s theory, 338 
common ion effect, 455 
Del lyo-Huckel theory, 413 
iiiteriomc attraction theoiy, 413 
percentage, 404, 41 1 
water, 443 

Ionization constant, 440 
acetic add, 441 
effect of dilution, 441 
water, 444 


Ions, 56, 397, 399, 406 
adsorption by colloids, 550 
common ion, 465 
complex, 703 
effect on pH, 455 
equilibria, 434-460 
equilibrium with metals, 631 
hydration, 155, 416 
migration velocity, 409 
precipitation, 155, 458 
radii, 271 
reactions, 448 
valence numbers, 143 
Iridosmiiie, 750 
Iron, 732-744 
alpha, 740 
carbide, 531 
cast, 735 
compounds, 742 
corrosion, 742 
delta, 742 
galvanized, 688 
gamma, 740 
gray cast, 735 
malleable cast, 736 
metallurgy, 733 
Dies, 732 
pickling, 350 
pig, 736 
pioperties, 741 
sherardized, 688 
tests, 744 
wi ought, 736 
Isoelectric point, 561 
Isopreiie, 577 
polymerization, 610 
Isotonic solutions, 212 
Isotopes, 51, 237, 274-284 
hydrogen, 114 
identification, 276 
list, 277 
masses, 278 
radioactive, 252, 254 

Janssen, 322 
Jasper, 530 
Javelle water, 366 
Jellies, 554 
Joule, 14, 629 

Kainite, 389 
Kaolin, 704 

Keene’s cement, 662, 666 
Keratin, 605, 616 
Ketones, 585 
Kieselguhr, 533 
Kilogram, 12 
Kilowatt, 629 

Kinetic molet ular theory, 86-102 
Ixrypton, 268, 322 

Lactalbiimen, 553 
Ijactose, 600 
I-iake, 622 
Lampblack, 293 
Lapis lazuli, 705 
Lard, 588 
Latex, 576 
Laughing gas, 479 
Lavoisiei , 64, 326 
Lead, 712-716 
acetate, 716 
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Lead, 

arsenate, 522, 717 
eliromatc, 717 
dioxide, 715 
glass, 637 
halides, 716 
hydroxide, 715 
isotopes, 252 
metallurgy, 712 
nitrate, 716 
oies, 712 
oxides, 715 
properties, 714 
led, 715 
refining, 716 
sulfate, 717 
tests, 716 

tetraethyl, 566, 717 
trioxide, 715 
uses, 714 
white, 716 

Lead chamlier process, 500 
Leather, artificial, 002 
tanning, 725 

Le Chatclier’s principle, 429 
Legumes, 469 
Lepidohte, 594 
Leucitc, 388 
Levulosc, 698 
Light, siieitra, 231 
Lignin, 003 
Lignite, 289 
Ligno-celluloae, 603 
Lime, 057, 038 
dead Iminod, 058 
hydrated, 058 
plaster, 059 
slaked, 058 

Limestone, 654, 637, 059 
Lime-sulfur spray, 494 
Limomte, 732 
Linen, 615 
Lmnolitc, 745 
Liquefaction, air, 320 
gases, 101 
Liquid air, 66, 315 
Liquids, 1(34-173 
boiling point, 172 
boiling point, mixtures, 195 
equilibrium with vapor, 169 
evaporation, 169 
fractional distillation, 193 
freezing point, 172 
physical propel ties, 106-169 
solubility in liquids, 191 
surface lonsion, 174 
vapor pressure, 171 
vapor pressuio, mixture, 195 
vibi-osity, 175 
Liter, 12 

Liter density of gases, 12 
Litharge, 06(3, 715 
Lithium, 394 
Lilhopone, 609 
Litmus, 70 
Lucite, 615 
Lunar caustic, 680 
Lye, 385, 389 
Lvo])hili(' I ulloids, 547 
Lyophobic colloids, 547 

Magnalium, 056, 700 


Magnesia, 660 
Magnesia alba, 007 
Magnesia, milk of, 606 
Magnesite, 654 
Magnesium, 655_ 
cailionnte, 006 
chloride, 607 
hydroxide, 459, 606 
nitride, 471 
oxide, 60() 
pioporties, 656 
sulfate, 667 
uses, 650 

Magnetite, 732, 743 
Malachite, (372 
Malt, 000 
Maltase, 001 
Maltose, 000 
Manganese, 728 730 
eoiiqiounds, 720 
Mangnnm, 717 
Maiiganite, 728 
Mantles, gas, 571 
Marble, (3(50 
Marl, 530, 059 
Marsh gas, 5(11 
Marsh’s test, 521 
Mass, 9 
atom, 50 
election, 239 
pmktng elTei (, 277 
Mass lu tioii law, 122 
Mass «!»'( (lOgiapli, 276 
Massu ()( , 71 3 
Maas iiumlieis, 30 
Maauinim, 730 
Mat,ehea, 311 
Matte, ()73 
Matter, 9 
eolloulul slate, 3)5 
eoiiservation ol, 3() 
eijinvaleiu e to eneigy, 3(3 
foiniH, 13-1(3 
siatea, 13 

atnii tme of, 237-273 
Mauve, 021 

Measuiemeiit units, 11-12 
eompaiiaoii, 12 
density, 12 
linciir, 11 
temperature, 11 
time, 12 
volume, 12 
weight, 12 
Meerschaum, (>3 1 
Meker bunuu, ,371 
Melaeonitc, 672 
Mendelccf, 218 

Merideleef's chiaailicatHm of eh'itieiila, 219 
Meieeii/ed c(i(tiiii, (lOH 
Men III If ehliit ide, (>93 
< vniiide, ()9 1 
fuhiuimti , (lU 1 
lull ate, 09 I 
oxide, (>93 
hiillide, 091 

Mciouious (hloiide, (>U2 
lutiate, ()93 
oxide, ()92 
siilhde, 692 
Moiemy, (591 
Inchloride, 093 
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Merouiy, 

piodiic'tion, (101 
proiicilK'H, (lOl 
Mercury vaiioi liiiui), (101 
Metals, 24, .Ki, (jll i)~>2 
activity sorii'H, 107 
alloys, (i4() 
coiipli's, (i47 

(>l('i'tio( lii'inii'iil senes, 107, 033 

elei tniplalinp;, (i.iS 

hytlrules, 113 

rnelalliiinv, 0 1 1 

native, (1 13 

mil lilt’s, 4(i7 

ores, (i 12, (i 13 

passive slate, 722 

physii ill iiriiperties, (142 

lireeipitatmii nf sttllnles, UiO, 197 

line eiii ( li, 7(lli 

reiietiiiiis " Oil ai ids, 100, 3 10 

leaiOioiis with i liliitiiie, ,132 

leaeliotiH v\ Oh iiOi le ill id, 184 

leiii (ions v\ Oh owKCii, (lO 

leai tiiiiiH w i(h v\ at er, 10, S 

roliiiinn, (ill, (ilO 

salts, (i 10 

si'iilli a( mil Ilf silllides, 107 
slnn tilie, 0 1 1 
MetaUiucv, 01 1 

Metathesis, os 

Metei, 11 

^Ie(lllllle| 333, .‘I'lO, ."ild 
senes Ilf liv driieiu I inns, .","i9 
^^e(ilvl all iilinl, 'iS3 
Melliv 1 hen/iiate, .VI 1 
Mel in i iiimiKe, 022 
Mediv 1 sain v late, V,l 1 
Xlelin svHlein, 12 
Mica, ."31, ."137 
Mil rill iismn salt , ."d S 
MilU, feniii'idatiiiii, (lOO 
pasleiii i/a( imi, (lOO 
Millikan, 2iiii 
MillilOei, 12 
Milliiiieli r, 1 1 
kldliimeriiii, “i 1 "i 
.Muieis' sifi'lv lamp, .i7t 
MiiimiTi, 71 "i 
Mirriii s, (i70 
Misi h metal, 7(l(i 
ikfivtmes, 1 ( 1 , 2.'i, 101 
(ail IS In , 210 
frisv.iiin, 200 
Mdissaii, tl2 
kfcile, I2."i 

Afiiiei iilai ueinlOs, II, 110 127 
lali iilalnm fmm linnmla, 127 
ill liammalniii, 12(i 127 
Inninls and siillds, 12li 
Slide, 121 

siihslain i H in siiliilnni, 212 
.Molls ules, 32, 122 
ill I iviiled, 1211 
I oiiiliai ison 111 «ei|j;lils, 121 
defimlniii, 11 
slim (me, ~>7 ."lO 
Molylidemte, 727 
Miilvhdemim, 72,"i 
Miiiiii/ite sand, 700 
Moiid proi ess, 7 1") 

Monel metal, 7 17 
Monomer, 0()9 


Mordant dyes, 622 

Morphine, 019 

Mm tar, 659 

Mothballs, 595 

Motor fuels from coal, 117 

Multiple pioportions, law of, 38 

Musk, 620 

Mustard gas, 569 

Naphthalene, 572, 595 
Naphthols, 595 
Nascent state, 306 
Native metals, 643 
Natuial gas, 561 
gasoline from, 565 
Negative, photogiapliie, 682 
Nelson cell, 330 
Neon, 268, 322, 324 
signs, 324 
Neoprene, 61 1 
Neptuiuum, 281 
Nesslcr’s reagent, 693 
Neulialiiiation, 435, 450 
heat of, 404 
Neution, 40, 263 
Newlands, 219 
Nichrome, 722, 747 
Nickel, 746 
compounds, 748 
Niter, 463 
Niton, 322 
Nitrates, 487 
test, 488 

Nitnc acid, 481-487 
action upon metals, 480 
fuming, 483 
production, 481 
piopcrLies, 483 

loaction with hydi'ochloric, 484 
reactions with organic compounds, 485 
salts, 487 
uses, 487 

Nitrides, of metals, 467 
Nitrohenzene, 485, 594 
Nitrogen, 463 
active, 467 
atomic weight, 44 
Chile saltpeter, 464 
cycle, 469 
dioxide, 480 
fixation, 463, 469 
nitric oxide, 480 
nitrous oxide, 479 
oxides, 479-481 
jiroduction, 465 
propel ties, 467 
soil, 468-400 
tetroxide, 481 
ti loxide, 480 
uses, 408 

Nitrogen family, 511-527 
compounds, 511 
properties, 512 
Nitroglycerine, 486, 488 
Nitro group, 485 
Nitrosyl chloride, 484 
Non-electrolytes, 154, 400 
Non-metals, 24 
oxides, 70 

Normality of solutions, 203 
Novocaine, 619 
Nucleus of atom, SO 
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Nucleus of atom, 

composition of, 264, 281 
fission of, 281 
theory of, 263 
Nylon, 617 

Occlusion, 112 
Octane, 566 

number of gasoline, ,566 
Ohm, 029 
Oil of vitriol, 500 
Oil shale, 509 

Oils, vegetable and aniinnl, 588 

Old Dutch pioeess, 717 

Olein, 588 

Oleomnrgai me, 588 

Ony\, 530 

Opal, 530 

Open hearth process, 738 
Optical glass, 537 
Ores, flotation piocess, 555 
metals, 642, 643 
prelimiimiy treatmenl, 044 
rediuUon, 645 
Organic chemistiv, 161 
Oriental amethyst., 697 
Orpiment, 520 
Orthoelase, 316, 388 
Osmiiirn, 749 
Osmosis, 210 
Osmotic pressuie, 482 
Oven, coke, 290 
Oxidation, 75-82 
definition, 70 
eciuaiions, 356 
number, 145 
speed, 362 
Oxides, 09 
hydrous, 159 

metals and non-metals, 69-70 
names, 159 
striuturo, 159 
Oxya(etylene toieh, 73 
Oxygon, 61-73 
discovery, 62 

halogen eomiionuds, 364-373 
history, 61 
oei iirrence, 64 
jiroduction, 64-07 
properties, 08 
1 elation to life, 80 
tent, 72 
uses, 72 

Oxyhemoglobin, SO 
Oxyhydiogeri torch, 73, 115 
Ozone, 82-84, 343 

I’atkmg elTed upon mass, 277 
Paint, 715, 71 (i 
Silver, 699 
Palladium, 750 
Paimdin, ,588 
Panning, gold, 683 
Paper, 499, 603 
PaiafTm, 561 
Pans green, 522 
Paike’s process, 677, 713 
Partial pressure, 94 
Passive state of metals, 722 
Pastoiuizatioii, 600 
Perfumes, 620 
Periodic law, 223, 236 


Periodic table, 224, inside back cover 
A and B senes, 222 _ 
atomic numbeis, 236 
periods, 222 

radioactive elements, 252, 254 
iifaCB, 227 
weaknesses, 228 
Perkm, 621 
Permutite, 664 
Peroxides, 186 
Persulfides, 497 
I’encil lead, 288 
Penieillin, 010 
Pentane, 560 
I’opsm, 605 
Peptones, 605 
Petroleum, 562- 568 
bubble tower, 562 
Ira, I tional distillation, 5G3 
hydrogenation, 567 
products, 564 
refining, 562 
Pewter, 524, 709 
pTI, 445 

Phenol, 187, ,501, 611 
Phenolphtlink'iii, 621 
Phlogiston, 62 
Phosgene, 336 
Phosphate rock, 512 
Phospliine, 515 
PiiOHiiliontc, 512 
Pho8i>horus, 512-518 
allotioiiie forms, 513 
liiiick, 513 
(>(■<‘1111 ence, 512 
pentachloiidc, 516 
jienloxidp, 516 
IihospbatPB, 518 
phosphates as buffeus, 519 
phosphine, 515 
pliospliorcsi eiiee, 513 
pli()S])h()i ic acids, 410, .517 
phosiihoi ous acids, 317, 517 
piodncbon, ,51 I 
radium live, 279 
led, 513 
tribromiile, 317 
tucliloiide, 510 
tii-iodide, 347 
trioxide, 51 (> 
violet, 513 
us(>8, 514 
yellow, .513 
Photoelectiic (ell, 395 
Pliotnelcctrons, 261 
Pliolograidiic films and plafes, 553 
PliotogiapliY, 6SI 
fixing, (i.SO 

Plilfinlic IK id iilaslu s, 61 5 
PhysK al ( liange, 1 6 
PfiVHii id ]ii oiicrl les, I 5 
Pi( klmg ol meUds, 3.50 
I’ig iron, 735 

Pile, grapliite-uiiiiiium, 282 
Pipette, 452 
Piteiifilcnde, 727 
Plaster, 659 
Plaster of Pans, 662 
Plastics, 611 
acryloitl, 615 

foiinaldefiyde-pfieiuil, 611 
polyslyiene, 615 
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Plasticfl, 
vinyl, 015 
Platiiiite, 747 
PlaUnum, 748 
blark, 749 
family, 750 
PlUcker tulie, 233 
Plutonium, 281 

Polar and iioii-iiolar compounds, 153 
Polarization, 40H, 037 
Pollucitc, 395 
Polonium, 245 
Polyliahtc, 389 
Polymerization, 500, (i09 
Polymers, 481, ()()9 
(‘o-polymcrH, 009 
liiRli, 009 

Polystyiene iihislics, 015 
Porcelain, 537, 704 
Portland cement, 004, 735 
Positive ray analvsia, 274 
Positive rajs, 21)2 
Positrons, 2()5 
Potash, 3(K) 

Potash glass, 537 
Potassium, 388 
acid iluoridc, 313 
acid tartrate, 392 
alum, 703 

aluinmurn sulfate, 703 
carbonate, 392 
cillorate, 370 
cobalt iiutritc, 7 10 
cuprocyanulc, (i70 
cyaiiatc, 489 
(h(4irotnato, 725) 
ferricvatude, 490 
fenoevamde, 189, 190 
fluosilicate, 532 
halides, 392 
liydi oxide, 392 
nitiate, 393 
occurrence, 388 
perchlorate, 371 
lierniunganate, 730 
production, 390 
liioperlies, 390 
sulfocvaiiate, 489, 7t4 
tri-iodide, 342 
Preciiiitation, 28, 4 tO, 157 
colloidal dispersions, 550 
extent of, 458 
Pressure, gaseoiis, 88 
effect on equilibrium, 430 
cffccl on solubilitv of gas, 194 
i(4u( 1(111 to volume of gas, 89 
slandard coiidilion, 93 
PiK’stlcv, 1)3 
Piimaiy c(4Ih, (139 
Piiiils, ]ibotogiai)lil( , 982 
Producer gas, 57f) 

Proofs, pliot.ograpliic, 983 
Propane, 590 

Projiortics, cbcmical and physical, 15 
Protective colloids, 553 
Proteins, 41)4, 904 
classes, 905 
Proteoses, 605 
Protium, 115 
Protolysis, 436 
Proton, 49, 156, 262, 434 
Prussian blue, 744 


Ptyalm, 600 
Puddling furnace, 736 
Purple of Cassius, 685 
Pyrex, 536 
Pyrites, 491, 732 
Pyrolusite, 728 
Pyroxylm, 485, 602, 666 

Qualitative analysis, 28 
Quantitative analysis, 28 
Quartz, 530, 532, 533 
Quicklime, 304, 657 
Quinine, 618, 619 

Itadicals, valence numbers, 143 
Radii, atomic and lomo, 271 
Radioactivity, 21, 244-255 
artificial or induced, 262, 279 
elements, average life, 251 
elements, half life, 251 
isotopes, 253, 254 
kinds of radiation, 247 
relations to periodic table, 252 
senes of elements, 250-251 
Radium, 245 
Radon, 268, 322 
Ramsay, 314, 322 
Raoult’s law, 208 
Rare earths, 706 
Rasonte, 539 
Rayleigh, 314, 322 
Rayon, 616 
Reaction, 27 
activation energy, 628 
chain, 281 

catalysts, effect upon speed, 420 
concentration, effect upon speed, 422 
electrolytes, 399 
energy changes, 151, 624 
equilibrium constant, 425 
factors favoring completion, 449 
free energy changes, 627, 629 
heat of, 625 
ions, 448 
irreversible, 429 
kinds of, 27-28 
non-electrolytes, 400 
oxidation, 76, 629 
rate, 80, 418-424 
reduction, 77, 629 
reversible, 108, 424 
substitution, 551 
velocity, 80, 418-424 
velocity constant, 423 
Realgar, 520 
Reciprocal ohm, 409 
Rectifier, current, 691 
Red lead, 715 
Reducing agent, 77, 361 
Reduction, 77, 114, 356, 629 
Reforming, 567 
Refrigeration, 476 
Replacement, 28 
Research, 5 
Resmox, 612 
Resins, acryloid, 616 
alkyd, 615 
glyptal, 615 
phenolic, 611 
synthetic, 611 
Rhenium, 730 
Rhodium, 760 
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Riboflavin, 60C 

Ripening by use of ethylene, 570 
Rochelle salt, 598 
Roek crystal, 530, 532 
Rock wool, 538 
Roll sulfur, 492 
Rose’s metal, 527, 709 
Rouge, jewelei’s, 743 
Rubber, natural, 570 
synthetic, 009 
tires, 577 

vuloamzatioii, 308, 577 
Ruhichum, 394 
Ruby, 697, 702 
Ruthenium, 749 
Rutherford, 250 
Rutile, 541 

Sacchaiides, 597 
8al ammoniac, 470 
Sal soda, 383 
Sallpetei, 393 
Salta, 150, 649 
lu id, 305, 439 
ainmono basic, 093 
basic , 440 
buffer, 519 

classihc alum, 101, 651 
defined, 439 
hydiolysia, 181, 453 
loniisation, 439 
mixed, 518 
names, IflO 

leactions with acids, 3 19 
solubility, 050 
Sand, 310, 703 
Saponification, 589 
Satin spai , 062 
Saturated solution, 205 
Sehcele, 63, 320 
Schecle s giecn, 522 
Schoiiitc, 389 
Sc lenc e, 1 

c lassihefition, 2 
Sc loiiLific method, 4 
Sc-ailes Ijake, 390, 539 
Sea water, liromiiie extiac lion, 337 
m ignesium from, 055 
Selenite, 602 
Selenium, 507 
Sensitize! s, 083 
Sherardized iron, 088 
Sideiite, 732 
Silica, 316, 630, 532 

icaciion with hydiogeii fluoi icle, 3.51 
Sihca gel, 535, 654 
Silualca, 534 
111 c ptnent, 00.5 
iiatiiial, .531 
stiiutiire, 534 
uses, 537 
Silicon, ,530-539 
c arlncic, 287, 310 
dioxide, .532 
fluoi icic, 351 , .53 1 
fluosihcic acid, 532 
halides, 531 
liydildcs, 531 
nc c uirenre, 530 
piodiiction, .530 
pioperties, 531 
sihcic acid, ,533, 554 


Silicon, 

silicones, 538 
uses, 531 
Silicones, 538 
Silk, 015 

artifleial, 016 
Silvei, 677 
chloride, 080 
lialidos, (iiSO 
hydi oxide, 679 
melallurgv, 677 
lutiatc, (i.SO 
oies, 677 
oxide, ()79 
oxidized, 678 
pioperties, 1)77 
icfiiiing, 67<S 
stainless, 678 
tests, 681 
Sliver glance, 677 
Silver, iioin, 327 
Sizing, jiaiiei , 603 
Slag, 6 15 
Small ite, 7 1,5 
Smelling salts, 177 
Smelting, 64 1 
Smithsoniti', 686 
Smokek'SH iiowdcn, 602 
Smoke prevent ion, 5.51 
Soap, .589 

ileansiiig iietion, .5.51, 500 
maiuifac tine, 590 
Soda, 383 
Soda glass, f),i7 
Sodainide, 47.5 
Soda vval.er, 30.5, 306 
Sodclv , 2.50 
Sodium, 378 

atgpiitoc'yanicle, 679 
iieiizoate, 595 
liicaiboimtc', 381 
hiaiilhte, 387 
lioiate, .541 
caibonate, 381 
(hloiicle, 212, 327, 379 
(hli)ii(i', 369 
c viiiude, .112, 489 
foriniife, 5.86 
gold ev'anide, (>8 I 
liycli oxide, 385 
hypobtomile, .172 
lij ])oclili)i lie, ,111 .1 16, 3() 
lodale, 3 It), .172 
iodide, ;i.S,S 
inang iii.il c-, 729 
lid I ill i‘, 11) 1 , 4M 

iidiilc', 1.81 

oxidc', 380 
jii'i bond c, 5 1 1 
pm oxide*, ,180 
phospliidc s, 5 18 
phitiil iidc', 7 I 5 
plumbitc, 71 5 
pi odiic ( ion , ,178 
pi opei I le.s, ,178 
radio. ic 1 1 V e, 279 
siaiinal c>, 71 1 
slaimite, 710 
suif.de, 3.87 
siilfule, 388 
siilhle, 387 
tctrathionat e, 388 
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Sodium, 

tluosulfulo, 3S7, (iSfl, 082 
iiHi'H, 379 
/.IIlflLlO, 10' I, (IMS 
,Soil, fiirmuliDii, 7(1 1 
iSoI, Ti'l."! 

Holdci, 7()'l 
iSoIul Hohilion, 103 
Soliiliiiil V, milts, (i.'iO 
roiiihl iiiiiH lulluciii iiiK, 10 1 
curves, 108 
oxiiliiiiat mu, 213 
Soluliilih lumlucl, ri7 
IihI, of, 7."i2 
Solu((“, 103 

(Imtiilmliim lielweeu boIvouIh, 200 
SoliiluiiiK, I'Kl 21(i 

itiiiioriiial lieluuKii of elertrulylus, JOl 

aiulitj, lo2, I'lo 

alkaline, 70, 1 .”i8 

lioiliuK iioitil elcMitioii, ild 

ImITered, l.'iti 

( licmu'al 1 li.uincH iti, 200 

classilu atiou, 103 

coniliosil Ion, 100 

enuceiUlutiDU, 202 

coustaiit IhiiIiiii!, I'lO 

(leliiu'il, 102 

(lilTimuiu of solute, 100 

elei f iieul eiiuiliu 1 1 \ it\ , 100 

electioh It s, 307 llo 

ptiuililiruiiu, 201, l."7 

'><iuivaleu( t oiiiluetauee, •! 10 

free/iuu; and lioiliiiu poiiilH, 209 

frce/iiiit: |HUUl liiueiui)!;, 213 

InilioKeu aiul Inshowl mu enut cuUatioiis, 4*14 

ideal, 200 

iHoliuiii , 212 

nmlal eoiieeul ralmii, 20 1 

nmlar eoiieenliation. 202 

inoleeiilar mcikIiIh of Holules, 212 

noininl (outeiilraliou, 203 

oHiuotie pressiiie, 211, 103 

111 I, 11,"., ni 

iiieasiin'ii liv iiitlii aloiH, 440 
aaliinUed, 20"i, 107 
Holul, l')3 

holiil e ami solveiil , 103 
sjieeilii eoiidiieliLUce, 410 
Hlaudaiil, 111 
HupeiHalurateil, 200 
theiiiioiieiitialilv iii, 401 
vaiior ]ire.ssuie, 173, 207 
Soliitmu pieoHiire, ()3I 
Solval mil, Ti 17 
Solvav process, 382 
Molveul, 103 

elTcel upon mni/ulioii, 412 
elTeel of Hohite uptiu, 208 210 
Sor(4 ( eriiciif, (107 
Sjiet ific Kiavilv, 107 
Spot ifie heal, 120 
Spectra, 231 
aliHorplmii, 233 
arc, 233 
Hpark, 233 
X-iay, 234 
iSpetlral hues, 231 

oiiKiu, 200 

Speetroscoiie, 231 
Spectrum, complete, 234 
hydrogen, 266 


Speed of reactions, 418-424 
Sperryhte, 748 
Sphalerite, 686 
Spiegeleisen, 737 
Spinel, 6C4 

Stalactites and stalagmites, 660 
Standard conditions, 93 
Stannates, 710 
Stanmc chloride, 712 
oxide, 711 
sulfide, 711 

Stannous chloride, 711 
hydroxide, 710 
oxide, 710 
sulfide, 711 
Starch, 597, 601 
test for iodine, 342 
Stassfmt deposits, 389 
Steann, 588 
Steel, 736-741 
alloys, 741 
Bessemer, 737 
case hardened, 740 
crucible, 730 
deoxidizers, 737 
hardoniiig and tempei iiig, 740 
open hearth iiiocess, 738 
Stellite, 722, 745 
Stiliine, 524 
Stihiute, 523 
Stonewaie, 704 
Stoiage battoiy, 638 
Streptomyoiii, 619 
Stiontianitc, 654 
Strontium, 054, 656 
compounds, 667 
Strychnine, 619 
Stucco, 650 
Styrene, 610 
Substance, 15 
allotropio foims, 238 
Sucrose, 599 
Sugar, 597-600 
beet, 599 
cane, 599 
fermentation, 584 
invert, 599 
maple, 599 
leducing, 598 
Sugar of lead, 716 
Sulfadiazine, 619 
Sulfa drugs, 618 
iSultaiiilnmide, 610 
Siiltapyridme, 619 
Sulfathiazole, 619 
Sulfides, precipitation, 460 
Sulfonamides, 619 
Sulfur, 491-607 
acids, 498-506 
allotropio forms, 493 
compounds, 495-507 
dioxide, 497 
lambda and mu, 494 
milk of, 496 

molecular structure, 493 
monochloride, 308 
monoclinio, 493 
occurrence, 491 
oxides, 497 
plastic, 494 
polysulfides, 497 
production, 491 
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Sulfur, 

properLies, 493-496 
rhombic, 493 
sulfides, 496 
sulfiuyl chloride, 498 
trioxide, 499 
uses, 494 

Sulfur family, 401—508 
Sulfuitc acid, 499-606 
chemical properties, 504 
coiicentratiou, 602 
production, 600 
piopertios, 600 
uses, 606 
Sulfui well, 492 
Superphosphate, 618 
Supcrsatuiatioii, 206 
Suifaoe tension, 1^4 
Suspensoid, 547 
Sylvamte, 683 
Sylvite, 389 

Symbols, elements, 23, 46, 139 
System, colloidal, 545 

Talc, 534, 654 
Tallow, 688 
Tanniii, 743 
'Pantalite, 721 
9’iintalum, 721 
Tantiion, 531 
Tai, coal, 572 
9'eclinetium, 279, 730 
'rellurmm, 507-508 
Tomperatuie, absolute, 91 
Centigrade, 11 
critical, 102 

equilibrium, olTeet u]K)n, 431 
eutectic, 047 
Faluenlieit, 11 
ionization, effect upon, 411 
kindling, 78 

rate of reai tion, effect upon, 80, 419 
Boluluhty, effeit upon, 191 
standaid condition, 93 
vapoi prcssuie, effccL upon, 172, 752 
volume of gas, i elation to, 01 
Thalluim, 705 
Theory, 3 

Thermit process, 645 
Thermochemieal equations, 626 
Thormooiiemistrv, 626-627 
Thermometer, 11 
Thermoneutiahty, 405 
Thermoiilaslics, 611 
Thermo-setting plastics, 0 1 1 
Thiamin, 006 

Thioaisomtc and arsenal c, 623 
Thiokol, 611 
Thomson, 259, 271 
Thouto, 718 
O’homim, 706, 718 

senes of radioactive elcmeiits, 252 
Thyroxine, 620 
Time, units of, 12 
Tin, 708-712 

alpha and beta, 711 
black, 709 
compounds, 710 
disease, 709 
gray, 709 
metallurgy, 708 
metastaniiie acid, 711 


Tm, 

01 es, 708 
plate, 709 
properties, 709 
stone, 708 
stream, 708 
thio-salts, 711 
uses, 709 
white, 709 

Tincture, iodine, 342 
Tires, manufacture, 577 
Titanium, 541 
compounds, 542 
dioxide, 542 
Titration, 461 
Tocopherol, 606 
Toluene, 487, 667, 571 
Topaz, 697 
Tracer elements, 280 
Transuiamiim elements. 283 
Travels, 314 
Tridymite, 533 
Trinitrophenol, 487 
Tiimtiotoluene, 487, ,595 
Triple })onds, 670 
Tritium, 115 
Trona, 381 
Trypsin, 005 
Tungslen, 726 
Turnbull’s blue, 714 
Turquoise, 607 
Tyndall elTect, 6J8 
Type metal, 624, 709 


Ultralillej , .561 
TTllianiaiiiie, 706 
IJudercooliiig, 168 
Uiiiks, electrical, 628 
measureineut, 11-12 
TJraiiiuin, 244, 727 
hexailuonde, 283 
iHoloiics, 281 

senes of radioac five clcineiilH, 250 
ilrauyl salts, 728 
Urea, .558, 606 

Valence, 6,8. ] 33 
clei trolls, 58 
me I all 11 ,611 
Vulenie numheis, 68 
deteiramation, 134-136 
elements in periodii table, 275 
radicals and ions, 143 
traiusilicuiid elements, 272 
willing eiiuations, use in, 118 
mil mg foriniiIa.s, use in, 1 12 
Villen I Ini', ,500 
Vaiiiidiiim, 720 
Vapor pi CHSiiie, 171, 196, 752 
' aqueous, liquids, 171 
mixluie of liquids, 195 
solids, 173 
Vat dyes, 622 
Velocity of reaction, 419 
constant, 423 
Venetian red, 743 
Ventilation, 318 
Vinegar, 687 
Vinyl plastics, 616 
Viscose piocess, 616 
Vitamins, 605 
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Vitriol, blue, 076 
green, 743 
oil of, 500 
white, 689 
Volt, 629 

Voltage, decomposition, 407 
Volume of gas, relation to pressuie, 89 
relation to temperature, 91 
Vulcanization, rubber, 577 
Vulcanized fiber, 603 

Wall board, 6()2 
War gases, 33(i 
Wasbing soda, 383 
Water, 164-185 
chemical propeities, 180 
chlorine, 331 
cliloriiie tiealment, 335 
comiiosition, 30, 166 
crystnllimtion, 183 
density, 167 
dielectric coiistaiil, 214 
dipoles, 21 1 
elecliolysia, 66 
formula, 1 10 
freezing point, 1()7 

iiardiiess, 176, 301, 305, 592, 660, 663 

irnpurilics, 175 

lonualion, 413 

loni/aiion constant, 414 

h thill, 391 

mineral, 176 

molecular airiictuie, 154 

iiatiiral, 175 

occurrence, 165 

oMilatmu by, 181 

pciiniinent liardncHS, 663 

pH, 115 

pioilnciion, l(i5 

pioiicrlicH, 16(i 

piiiihcatioii, 176-178 

reai'tion wiHi metals, 108 

rciu lions imHi omiIcs and sails, 180 

softness, 663 

Holiitinii of lonii' compounds in, 214 
solvent acl ion, 167, 214 
stability, 18() 
temiKiiary Imidiiess, 663 
vapor picssiirc, 171, 752 
Water gas, 111, 576 
Water glass, 535 


Water vapor 317 
Watt, 629 
Wave length, 231 
Weight, 9 
Welding, 73 

Welsbach gas mantles, 574, 7C6 

White lead, 716 

Whiting, 660 

Willemiie, 686 

Wilbon, 248 

Wintergreen, 594 

Wilhente, 654 

Wohler, 558 

Wolframite, 726 

Wood ashes, 390 

Wood pulp, 499, 603 

Wood’s metal, 527 

Wool, 615 

Wrought non, 736 

Wulienite, 725 

Xenon, 268, 322 
I X-rays, 230 

used to deteimme crystal sti nature, 2C8 
X-ray spectra, 234 

used to determine atomic numbeis, 235 
Xylene, 571 

Yeast, 584, 600 

Zeolites, 537, 664 
Zeio, absolute, 91 
Centigrade and Falirenheit, 11 
Zme, 6S6 
chloride, 689 
hydrous oxide, 689 
hydi oxide, 688 
metallurgy, 686 
ores, 686 
oxide, 577, 688 
properties, 687, 690 
speller, 687 
sulfate, 689 
test, 690 
uses, 688, 690 
white, 688 
Zinc blende, 491 
Zmcite, 686 
Zirconium, 542 
Zymase, 584, 600 



